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ABSTRACT
Information about the lower continental crust can be gained by study of lower 
crustal rock types (granulite facies terrains and granulite xenoliths) and through 
geophysical investigations. Granulite facies terrains are comprised of rocks which have 
equilibrated at high P-T (pressure-temperature) conditions prior to being exposed at the 
earth's surface, and range in age from Archean to Cenozoic. The P-T pathways 
followed by these rocks during metamorphism help to constrain genetic interpretations 
of granulite formation but are not strictly definitive. In particular, isobaric cooling paths 
described for granulite terrains have been proposed as being characteristic of granulites 
formed in continental rift zones, Andean margin settings, magmatically underplated 
intracrustal settings and continent-continent collision zones. Until the significance of 
P-T paths of granulites can be determined (perhaps through determination of P-T-t (t = 
time) paths) the relevance of granulite terrains to the composition and genesis of the 
lower continental crust remains uncertain.
Compositionally, granulite facies terrains are characterized by diverse lithologies, 
however several generalizations can be made: (1) granulite terrains are composed 
primarily of intermediate to felsic lithologies and do not have the geochemical 
characteristics of restites, (2) metasediments are present in all granulite terrains, and (3) 
the composition of granulite terrains shows the same secular variation across the 
Archean-Proterozoic boundary as does the upper crust, i.e., tonalite-trondhjemite- 
granodiorite (TTG) rocks dominate in Archean and are less abundant in post-Archean 
granulite terrains. These observations suggest one of two possibilities: granulite 
terrains are supracrustal in origin and experienced high P-T conditions as a consequence 
of burial during continent-continent collision (and therefore do not accurately reflect the 
composition of the lower crust), or, granulite terrains are fragments of stable lower 
crust which has been tectonically transported to the earth's surface. Two observations 
suggest the former may be correct: (1) the heat production for an Archean crust in 
which the lower crust consists of rock types exposed in granulite terrains is higher than 
that presently observed in Archean crustal regions, and (2) petrological studies suggest
that TTG rocks are unlikely to originate at mantle depths, suggesting their source rocks 
may be garnet-bearing mafic granulites at the base of the continental crust.
A second source of lower crustal rock samples is granulite facies xenoliths carried 
by fast-erupting basaltic and kimberlitic magmas. In contrast with granulite terrains, 
most of these samples come from post-Archean crustal regions. High-pressure 
mineralogies and decompression textures in many xenoliths attest to their derivation 
from the lower crust present at the time of eruption of the host. On a world-wide basis 
most lower crustal xenoliths have mafic compositions, although metasedimentary types 
are locally abundant.
Two suites of xenoliths from north Queensland, Australia (from the Chudleigh and 
McBride volcanic provinces), illustrate contrasting types of lower crust. The Chudleigh 
xenoliths are mafic cumulates which originated between 20 to 40 km depths. Good 
correlations between major elements, trace elements and Nd and Sr isotopic 
compositions suggest the xenoliths are less than 100 Ma old and crystallized from a 
single melt, or group of related melts, undergoing simultaneous fractional crystallization 
and assimilation of isotopically evolved, pre-existing lower crust. In contrast, the 
McBride province xenoliths, which also come from 20 to 40 km depth, range from 
mafic through felsic compositions and do not appear to be genetically related to one 
another. Combined major and trace element data and age information obtained by U-Pb 
ion microprobe analyses of zircons allows delineation of the petrogenesis of individual 
xenoliths. Thus the mafic xenoliths formed by a variety of processes including 
underplating of basaltic magmas, crystal accumulation from mafic and felsic magmas 
and partial melting of intermediate protoliths, leaving a mafic residue. The intermediate 
xenoliths appear to be metasediments and the felsic xenoliths formed by crystallization 
of felsic magmas in the deep crust. Many of the xenoliths formed during the last 
Paleozoic orogeny in the region (~300 Ma ago) and slowly cooled in the deep crust. 
Others appear to have formed during the Proterozoic and underwent intense 
metamorphism during the Paleozoic. Based on this xenolith data, the bulk composition 
of the lower crust beneath the McBride region is mafic and, because of the complexity 
observed in xenolith petrogenesis, may be representative of lower crust formed at
Paleozoic plate margins, where tectonic and magmatic interleaving, as well as partial 
melting are expected to be important processes.
Geophysical techniques provide additional data on the lower continental crust. 
Low resistivity anomalies at 15-30 km depth are best explained by the presence of saline 
aqueous fluids, although such a model contrasts with the dominantly anhydrous 
mineralogies of lower crustal rock types. However, it may be significant that lower 
crustal xenoliths from the Eifel region, where a low resistivity layer is well documented, 
contain up to 40% amphibole. Archean shields are characterized by low and uniform 
heat flow (14±2 mW/m“) with lower crustal P-wave velocities generally > 6.7 km/sec. 
These data are consistent with a dominantly mafic lower crust beneath these regions 
(assuming an ambient lower crustal temperature of ~500°C).
Examination of the concentrations and distributions of large ion lithophile elements 
(LILE) in granulites leads to the following conclusions: (1) U and Cs are generally 
depleted in granulites, Rb and Th may or may not be depleted and there is no firm 
evidence for K depletion, (2) LILE depletions are most likely accomplished by fluid 
fluxing during metamorphism (H2 O and/or CO2 ) as opposed to removal of partial 
melts, (3) K/Rb ratios in granulites negatively correlate with K concentrations, Th/U 
ratios positively correlate with Th concentrations and Rb/Cs ratios positively correlate 
with Rb content, (4) these LILE correlations in granulites can be explained by the 
mineralogical reactions which occur during granulite facies metamorphism, and (5) 
LILE depletion patterns in granulite xenoliths are similar to those observed in granulite 
terrains, suggesting similar processes were operative.
Geophysical and geochemical data suggest a dominantly mafic lower crust in both 
Archean and post-Archean regions. The lack of significant quantities of restite material 
in lower crustal xenolith suites and the abundance of crystal cumulates suggests that 
crystal accumulation (accompanied by assimilation) may be the dominant intracrustal 
differentiation process, rather than partial melting.
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CHAPTER 1. INTRODUCTION
1.1 The Problem
Understanding the composition and petrogenesis of the lower crust, which 
represents the bottom half of the continental crust and is distinguished from the 
underlying lithospheric mantle by the Mohorovicic discontinuity, is critical to models of 
earth evolution. For example, an accurate estimate of lower crust composition is 
necessary in order to estimate the bulk crust composition. This, in turn, limits the 
accuracy of geochemical mass balance calculations based on the relative volumes of 
crust, depleted and primitive mantle. In addition, studies of the lower continental crust 
can help define the vertical distribution of heat producing elements within the crust and 
may shed tight on magma genesis.
The composition of the upper crust is reasonably well constrained by the study of 
the composition of sediments and sedimentary rocks (see Taylor and McLennan, 1985). 
Unfortunately, large-scale sampling provided by such processes as sedimentation are 
lacking for the lower crust. Recently initiated deep crustal drilling projects have yet to 
penetrate below 12 km (e.g., the deep drill hole on the Kola Peninsula; Kremenetsky 
and Ovchinnikov, 1986), thus samples of rocks which have equilibrated at deep crustal 
levels are restricted to two types: (1) high-pressure granulite facies terrains which occur 
at the Earth's surface and (2) granulite facies xenoliths carried in alkali basaltic or 
kimberlitic magmas. While both lower crustal rock types have clearly equilibrated 
below 20 km (0.7 GPa, where 1.0 GPa = 1 0  kbar), their bulk compositions are 
distinctly different. The majority of granulite terrains have felsic bulk compositions, 
whereas the majority of granulite xenolith suites have mafic bulk compositions. The 
restricted nature of lower crustal samples, plus the compositional differences between 
the two types makes estimates of the lower crust bulk composition difficult to obtain.
Geophysical techniques provide estimates of the average physical properties of the 
lower crust over large areas, but correlations of these observations with actual 
lithologies requires knowledge of the physical properties of rocks. It is therefore useful
2to compare these observations with the measured properties of known lower crustal 
rock types.
Of the two types of lower crustal rocks, granulite facies terrains have received far 
more attention to date; granulite facies xenoliths have been investigated only recently. A 
compilation of petrological and geochemical studies on high-pressure granulite terrains 
and lower crustal xenoliths is provided in Appendices 1 and 2. Other than the brief 
notes attached to the Appendices, I will not summarize these case studies except where 
applicable in the following chapters.
1.2 Purpose
This thesis summarizes our knowledge of the lower crust and reviews new data for 
lower crustal xenoliths from Queensland, Australia. The data from petrological, 
geochemical, geochronological and geophysical studies are reviewed and compared 
with current models of lower crustal composition and formation.
The following are the major goals of this study :
(1) Identify important lower crust forming and modifying processes, e.g., the 
importance of cumulate versus restite processes in the lower crust, and delineate the 
process(es) responsible for large ion lithophile element depletions.
(2) Establish age relationships for lower crustal xenoliths. Such xenoliths are difficult 
to date because of problems associated with documenting genetic links between 
whole rock samples (for Rb-Sr and Sm-Nd isochrons) and the typically mafic 
compositions which limit the amount of zircon in these rocks.
(3) Compare the measured ultrasonic velocities of mafic granulites with those predicted 
from theoretical models of an underplated lower crust.
(4) Integrate geochemical and geophysical data for the lower crust and derive a 
self-consistent model for its composition and petrogenesis.
1.3 Thesis Organization
Because most of the data accumulated during the course of this study are either 
published or in the process of being so, the data plus details of analytical techniques, 
geological background information and detailed discussions of the data and geochemical
2models will not be given in this thesis; the reader is referred to Appendices 3-11 for this 
information. Instead, I wish to summarize the findings of these studies with the goal 
of highlighting the most significant conclusions, and integrate these with published data 
in order to best evaluate lower crustal petrogenesis.
The following chapters summarize our knowledge on the lower crust: Chapter 2 
reviews the petrology and geochemistry of granulite facies terrains, with particular 
attention paid to observed heat production of these rocks and the origin of the 
ubiquitous Archean tonalite-trondhjemite-granodiorite suite of rocks. Chapter 3 reviews 
petrologic and geochemical data for granulite facies xenoliths, with emphasis on the 
origin of two contrasting suites of xenoliths from north Queensland. In Chapter 4, I 
review geophysical laboratory and field-based data for the lower crust and give an 
example of seismic properties of a mafic, underplated lower crust. Important lower 
crust forming and modifying processes are identified and discussed in Chapter 5. 
Finally, in Chapter 6 the current models of lower crust formation and composition are 
evaluated in light of geophysical constraints and the new xenolith geochemical data and 
a petrogenetic model for lower crustal formation is presented.
4CHAPTER 2. GRANULITE TERRAINS
2.1 Introduction
Rocks equilibrated in the granulite facies are defined as having "developed by 
extreme dehydration at maximum grades of regional metamorphism" (Turner, 1981, p. 
209). Outcrops of such high-grade rocks, known as granulite terrains, occur over large 
areas of the earth's surface (Fig. 2.1) and have been the subject of numerous petrologic, 
geochemical and isotopic studies (see Appendix 1).
Despite the prolific literature on various aspects of granulite facies terrains 
(Appendix 1) there is a notable lack of information on granulites in several large regions 
of the world, i.e., the U.S.S.R., China and South America. From the few studies 
available for these regions (e.g., Perchuk et al., 1985; Jahn and Zhang, 1984; 
Sighinolfi et al., 1981; Iyer et al., 1984), it appears that these granulites are basically 
similar to the more heavily studied terrains of similar age elsewhere, although the Jequie 
granulites, Brazil, are unusual in their high abundances of large ion lithophile elements 
(LILE) and the potassic nature of the felsic rocks. Of the 41 granulite terrains listed in 
Appendix 1, most are Precambrian, with Arc he an-terrains the most abundant (48% 
Archean, 35% Proterozoic, 10% Paleozoic and 7% Mesozoic-Cenozoic).
A classification of granulite terrains, based upon equilibration pressures and 
temperatures, has recently been proposed by Newton and Perkins (1982). They 
distinguished between low-pressure thermal aureoles, transitional granulite terrains, 
massif granulite terrains and deep crustal granulites. Of these classes, the low-pressure 
thermal aureoles are developed high within the crust during contact metamorphism and 
do not directly relate to the lower crust. Transitional granulites, massif granulites and 
deep crustal granulites all have equilibrated within the lower half of the crust (0.5-1.25 
GPa) and therefore provide direct information on lower crustal processes. Newton and 
Perkins noted that granulite massifs yielded consistent pressures of 0.89 ± 0.15 GPa, 
and suggested that this consistency may be due to a common origin for granulite 
massifs through continent-continent collision. However, because granulites generally 
form over a range of P-T conditions during a given orogenic cycle, it is perhaps most
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6useful to establish the P-T path before a genetic significance can be placed on the 
equilibration conditions.
2.2 Pressure-Temperature-Time (P-T-t) Paths
Many early petrologic studies of granulite terrains concentrated on determining the 
peak metamorphic conditions under which the rocks formed (i.e., temperature, pressure 
and the nature of the fluids present during metamorphism, see Turner, 1981). More 
recently, calibrations of cation exchange thermometers and barometers for common 
granulite mineral assemblages (see Essene, 1982, for a recent review) have enabled 
quantitative estimates of the pressure-temperature paths which granulites follow during 
their evolution (e.g., Spear et al., 1984; Bohlen et al. 1985). Defining these 
"metamorphic pathways" is of critical importance in determining the way in which each 
terrain forms, different tectonic settings may lead to different P-T loops (Fig. 2.2).
Direct measurement of P-T (and t) paths for granulites has recently been attempted 
for several terrains. Mineral reactions, combined with thermobarometry for the Enderby 
Land granulites, Antarctica, reflect nearly isobaric cooling of 400°C over a time period 
of 500 Ma (Ellis, 1980, 1987; Harley, 1985; Sandiford, 1985). Similarly, studies of 
granulites from the Adirondack highlands, New York, suggest 200-300°C of cooling 
prior to uplift (Bohlen et al., 1985). In addition, granulites from the Grenville of 
Labrador (Arima et al., 1986) and the Labwor Hills, Uganda (Sandiford and Powell, 
1986) are suggested to have undergone isobaric cooling.
On the other hand, some terrains experienced nearly isothermal uplift. The Tertiary 
granulites of British Columbia (Hollister, 1982) and the Archean Limpopo granulites, 
South Africa (Harris and Holland, 1984) are two examples.
Theoretical modeling of the P-T loops of granulites formed by double thickening 
of the continental crust, in Himalayan-type continental collision zones, has been 
provided in a series of papers by England and co-workers (England and Richardson, 
1977; England and Thompson, 1984, 1985; Thompson and England, 1984). Using 
geologically reasonable models for thermal conductivity and heat transport, they vary 
the style of crustal thickening, the initial heat flow, the heat source distributions and
7erosional parameters in order to obtain a series of P-T-t curves. Several significant 
generalizations can be drawn from these calculations. First, heating of the buried rocks 
occurs over a large portion of the decompression path; the rocks do not begin to cool 
until they have completed 20-40% of their total uplift (Fig. 2.2a). Many of these P-T 
curves pass above the wet petite solidus and several pass above the dry petite solidus, 
especially paths traveled by rocks in the lower plate. Secondly, unless exhumation of 
the buried rocks is extremely rapid (< 40 Ma), the maximum temperature the rocks 
experience is insensitive to the erosion rate. Thirdly, the rocks remain within 50°C of 
the highest temperature experienced for 1/3 or more of their uplift path. Such 
observations predict that granutites which form at the top of the lower plate of a double 
thickened crust (Fig. 2.3a, point "a") should possess a retrograde P-T path showing 
significant decompression with tittle corresponding temperature decrease (Fig. 2.2a), 
whereas rocks near the bottom of this plate (Fig. 2.3a, point "b”) should undergo partial 
melting and will experience isobaric cooling after reaching peak metamorphic 
temperatures at the end of their uplift history (Ellis, 1987) (Fig. 2.2a).
The P-T-t paths of rocks formed through magmatic addition to the lower crust, 
which can occur in a continental arc or intraplate setting, were calculated by Wells 
(1980)(Fig. 2.3b). He assumed addition of between 2-10 km of tonalitic melt to 
various levels within the deep crust over a 5 to 50 Ma time span. Subsequent cooling of 
these rocks leads to a primarily isobaric cooling path (Fig. 2.2b). One difficulty with 
this model is the assumption that tonalites are generated within the mantle (several 
geochemical features of these rocks, as well as observations from modem plate margins 
are inconsistent with this model; these features are discussed more fully below). The 
effects of addition of basaltic instead of tonalitic magma would be to accentuate the 
thermal pulse supplied by the magmas (due to the higher temperatures of basaltic 
liquids) and perhaps lead to partial melting within the lower crust. The isobaric cooling 
path would be retained.
Finally, the P-T-t paths of granutites formed during continental extension were 
modeled by Sandiford and Powell (1986). They suggest that rocks near the base of an 
extending crust will be heated at constant or decreasing pressure during extension (due
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Figure 2.2 Schematic P-T paths for granulites formed in a variety of tectonic settings. 
Thinner line in all diagrams represents "pre-orogenic" geotherm. (A) Lower plate of 
continent-continent collision zone. "Top" refers to upper half of plate, "bottom" refers 
to lower half of plate (after England and Thompson, 1984). (B) Magmatic underplating 
of the lower continental crust after Wells (1980), simlar to eastern Australia or 
continental arcs. (C) Asymmetric rift environment, where maximum lithospheric 
thinning occurs in a separate area from maximum curstal thinning. (D) Symmetric rift 
environment, where crustal and lithospheric thinning are coincident (after Sandiford and 
Powell, 1986).
to asthenospheric upwelling) and will cool isobarically, or with slight pressure increase, 
after extension ceases (Fig. 2.2c, d). The maximum pressure and temperature 
experienced will depend upon the geometry of the rifting (Fig. 2.3c, d). Continental rift 
settings were also proposed by Wickham and Oxburgh (1985) as the tectonic setting in 
which high-temperature, low pressure (0.4 GPa) granulites form.
From the above discussions it is clear that the P-T path of granulites cannot be 
ascribed to a unique tectonic setting. In particular, isobaric cooling at high pressures is 
experienced by deep crustal rocks in continent-continent collision zones, continental
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arcs, magmatically underplated crust and continental rift zones (Fig. 2.2). In addition, 
if synmetamorphic intrusion of magmas occurs within the upper half of the lower plate 
in a continent-continent collision zone, these rocks may experience a phase of isobaric 
cooling as well. Determination of the timing of different phases of the metamorphism 
can help resolve these uncertainties associated with P-T paths (i.e., determining P-T-t 
paths). Supracrustal rocks which are buried to lower crustal depths as the result of 
continent-continent collisions would not reside at these depths for longer than 50-100 
Ma (England and Thompson, 1986). In contrast, supracrustal rocks emplaced into the 
deep crust through thin-skinned tectonics, for example at continental arcs, may reside in 
the lower crust for much longer time periods.
2.3 Composition of Granulite Terrains
Granulite terrains are characterized by diverse lithologic assemblages, but despite 
this complexity, several generalizations can be drawn. First, variable amounts of 
metasediments are present in all terrains, however only a few terrains are dominated by 
metasedimentary rock types (i.e., Limpopo granulites, southern Africa and the Lapland 
granulites, Finland). Secondly, like the composition of the upper crust, there is a 
secular change in the composition of granulites. Archean granulites tend to be 
dominated by rocks of tonalite-trondhjemite-granodiorite compositions (TTG), whereas 
these rock types are subordinate in post-Archean granulite terrains.
The presence of metasediments in granulite terrains is important for several 
reasons. Firstly, this observation requires a mechanism of burying rocks which form at 
the earth's surface to depths of 20-40 km. Secondly, the sedimentary assemblages may 
provide keys to the tectonic setting in which granulites form. Of the possible tectonic 
settings for the formation of granulites shown in Figs. 2.2 and 2.3, continent-continent 
collision zones and continental arcs both provide settings in which sediments can be 
transported into the deep crust.
In continent-continent collision zones this is accomplished simply by the stacking 
of one crustal plate on top of another (Fig. 2.3a). The sedimentary associations 
expected in this type of setting would be those typical of stable shelf (passive margin)
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setting, i.e., shallow water carbonates, quartzites and shales. The double loading of 
the crust would lead to an uplift path of decompression with little temperature decrease. 
Examples of granulites which contain these diagnostic sedimentary assemblages include 
the Limpopo Belt, South Africa and the Adirondacks, New York. The P-T-t path of the 
Limpopo granulites is one of nearly isothermal uplift (Harris and Holland, 1984), 
consistent with a collision zone model. That of the Adirondacks is believed to have 
involved significant isobaric cooling prior to decompression (Bohlen et al., 1985). The 
reason for this discrepancy is not known, but the presence of synmetamorphic intrusion 
(Powers and Bohlen, 1985) may have caused isobaric cooling within the upper half of 
the lower plate of a doubly thickened crust, as mentioned above.
Foreland basins at the margins of continental arcs have been cited as regions where 
sediments can be tectonically emplaced into the lower crust (Weaver and Tamey, 
1984b). Such rocks would be expected to remain in the deep crust until exhumed 
through an additional tectonic process, such as thrusting. Thus, these rocks would 
have a retrograde P-T-t path involving significant isobaric cooling well before uplift to 
the earth's surface. The sedimentary assemblage expected in this tectonic environment 
would most likely be relatively juvenile sediments shed from the island arc or 
continental arc and deposited in the form of turbidites. The Proterozoic Lapland 
granulites of Finland are an example of a terrain which contains large quantities of 
juvenile sediments, believed to have formed as turbidites (Barbey et al., 1982). The 
Archean Scourian granulites, Scotland, are also suggested to have formed in this 
manner (Weaver and Tamey, 1984b), although the quantity of sediments in this terrain 
is very small (Okeke et al., 1983).
The Scourian granulites are the most intensely geochemically studied granulites in 
the world (see Appendix 1) and are of particular importance when discussing the lower 
crust since these rocks have been used as a model for the Archean lower crust (Weaver 
and Tamey, 1984a, b; see Chapter 6). The Scourian granulites, like most Archean 
terrains, are dominated by TTG rocks, constituting 80% of the terrain, with 
subordinate amounts of mafic granulites and metasediments, and have an intermediate 
bulk composition (Sheraton et al., 1973; Weaver and Tamey, 1980). These granulites
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are severely depleted in the large ion lithophile elements (LELE), which include the 
important he at-producing elements K, Th and U, and form the most depleted end 
member in a spectrum of granulite terrains (Rudnick et al., 1985). (A general 
discussion of LELE contents of lower crustal rock types and likely depletion processes 
is given in Chapter 5).
The cause of LILE depletion in the Scourian granulites has been attributed to two 
distinct processes: partial melt removal or fluid fluxing. Discriminating between these 
two causes is important for defining dominant intracrustal differentiation processes. 
Pride and Muecke (1980, 1981) noted that the Scourian granulites are characterized by 
low REE (rare earth element) contents and an average REE pattern which is LREE 
enriched with a positive Eu anomaly. They also suggested that measured REE patterns 
of granulite facies minerals from Scourian gneisses are similar to those expected from 
equilibrium partitioning between melt and solids. They attributed these features to the 
removal of a partial melt, leaving residual plagioclase. Such a process would also 
account for the low LILE abundances in the gneisses. However, Weaver and Tamey 
(1980) pointed out that it is the most felsic gneisses which contain the positive Eu 
anomalies and mafic gneisses actually have negative Eu anomalies; features which are 
inconsistent with a restite origin for the Scourian rocks. They attribute the LILE 
depletions as being due to removal of a LILE-bearing metamorphic fluid, most likely 
CCL,. More recent studies of LILE content of the Scourian gneisses have appealed to a 
similar fluid fluxing model, although the fluids are suggested to be aqueous (Fowler, 
1986). Thus it appears that even the most severely depleted granulite terrains form 
through fluid-rock interaction and are not the result of partial melt removal.
2.4 Relevance to Lower Crustal Composition
If most granulite facies terrains from through continent-continent collision, as 
postulated by Newton and Perkins (1982), then the rocks exposed in them tell us little 
about the nature of the lower continental crust in stable continental regions. Almost 
certainly some granulites terrains form in these settings, as evidenced by their 
isothermal uplift paths. However, not all terrains record such paths, and it is especially
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not clear how granulites that record isobaric cooling paths formed. Therefore, one must 
look to other lines of evidence in order to evaluate the importance of granulite facies 
terrains in unraveling lower crustal composition.
The secular change in composition from Archean to post-Archean granulite facies 
terrains closely mimics that observed in the upper crust (Taylor and McLennan, 1985). 
This may be explained by postulating either that: (1) most granulite facies terrains are 
supracrustal in origin, or (2) granulite terrains accurately reflect lower crustal 
composition, implying that the Archean total crust was quite felsic and the TTG rocks 
were derived from sub-crustal sources.
If # 2 is correct, then it may be tested by two constraints: comparison of Archean 
granulite terrain compositions with currently observed heat flow measurements from 
Archean cratons and petrological and geochemical information on the origin of TTG 
rocks, which make up most Archean granulite terrains.
A granulite terrain-based Archean crust compositional model was proposed by 
Weaver and Tamey (1984a, b). They calculated a total crust composition by assuming 
a 2:1:3 proportion of upper, middle and lower crust, respectively, and used the average 
composition of Lewisian amphibolite facies gneisses for the middle crust and average 
Scourian granulite facies gneisses for the Archean lower crust. Mixing these in the 
prescribed proportions yields an average Archean crust with 2.3% K9O, 6.1 ppm Th 
and 1.5 ppm U. Such a composition has a heat production of 1.0 jaWm"^, which 
corresponds to 35 mWm^ heat flow for a 35 km thick crust. Heat flow measurements 
from Archean terrains are low and uniform when compared with post-Archean terrains, 
with an average of 41 mWm'2 (Morgan, 1984). The calculated crustal heat production 
is 14±2 mWm'2, assuming that 40% of surface heat flow originates in the crust (Pollack 
and Chapman, 1977; Morgan, 1984). Thus in the Archean crustal model of Weaver 
and Tamey the concentration of heat producing elements (HPE) in the crust are 2.6 to 3 
times the amount predicted from heat flow measurements.
Part of the reason for the very high crustal heat production in the Weaver and 
Tamey model is that they used the present day upper crustal composition of Taylor and 
McLennan (1981) for their Archean upper crust. If one uses the average Archean upper
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crust of Taylor and McLennan (1985), then the Archean crustal model of Weaver and 
Tamey contains 1.7% K9O, 4.2 ppm Th and 1.1 ppm U, yielding a heat production of 
0.73 iiWm“^ , or a heat flow of 25 mWm'“ for a 35 km thick crust. This is closer to the 
observed heat flow, but is still 78% higher than the heat production calculated for the 
Archean crustal regions (see Chapter 4). Thus the crustal model of Weaver and Tamey 
ascribes more heat production to the crust than is observed. One should note, however 
that because of the extremely depleted character of the Scourian granulites (Rudnick et 
al., 1985; see Chapter 5) it is likely that the high heat production of the Weaver and 
Tamey model is a consquence of their HPE-rich middle cmst; depleted granulites such 
as the Scourian would contribute little to crustal heat production. However, because the 
Scourian granulites are clearly unusual in their low HPE contents when compared with 
other granulite facies terrains (Chapter 5), it is unlikely that typical Archean granulite 
terrains can be representative of the Archean lower crust; a more mafic composition is 
required.
A second feature of Archean granulite facies terrains which bears implications for 
the composition of the Archean lower cmst is the presence of voluminous rocks of the 
tonalite-txondhjemite-granodiorite (TTG) association in these terrains. These rocks are 
characterized by variable SiO? contents (65-75%), high Na2 0 /K2Ü ratios, strongly 
fractionated REE patterns and generally "primitive" isotopic compositions (Arth and 
Hanson, 1975; Peterman, 1979). The geochemical characteristics of these rocks 
suggest they form by partial melting of mafic precursors; crystal fractionation of a mafic 
magma is a less preferred model, due to the lack of both intermediate rocks (Condie et 
al., 1982) and recognizable cumulate material in Archean terrains (Weaver and Tamey, 
1984b).
The distinctive HREE-depleted REE patterns help constrain the mineralogy of the 
source. Figure 2.4 shows the range of (La/Yb)N and (Gd/Yb)N ratios for typical 
Archean TTG rocks. Residual amphibole and/or garnet are generally invoked to create 
the high La/Yb ratios (Arth and Hanson, 1975; Arth and Barker, 1976; Hunter et al., 
1978; Weaver and Tamey, 1980; Gower et al., 1982; Jahn et al., 1984; Martin, 1986). 
However the high Gd/Yb ratios require garnet as a stable residual phase, amphibole is
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Figure 2.4 (A) Chondrite normalized La/Yb ratios for Archean T-T-G rocks compared 
with range of La/Yb produced by partial melting of various rock types. (B) As in A, 
but for Gd/Yb ratios. After Rudnick and Taylor, 1986.
not capable of fractionating the HREE from one another (Fig. 2.4)(see Rudnick and 
Taylor, 1986 [Appendix 4], for details of the petrogenetic models). Thus, only mafic 
rocks which reside within the garnet stability field are possible sources. Such rocks are 
confined to two types: garnet granulites (depth = 26 to 40 km i.e., lower continental 
crust) or eclogite (depths >40 km, i.e., subducted slab [based on Green's, 1982,
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summary of experimental work]). It is not possible to distinguish which of these two 
rock types are the most likely sources of TTG rocks on the basis of geochemistry, yet 
both sources imply fundamentally different compositions for the Archean lower crust.
Several authors have suggested that Archean TTG rocks are derived from melting 
of subducted oceanic crust in a continental arc environment. The higher heat content of 
the Archean mantle is considered responsible for increased melting of the hydrated slab, 
which produces the felsic TTG rocks (Weaver and Tamey, 1984b; Martin, 1986). 
These models predict a lower crust which is dominated by mantle-derived TTG rocks 
with lesser amounts of mafic rocks and rare metasediments. Inherent in these models is 
the assumption that in modem subduction zone environments the slab does not melt, but 
simply dehydrates, which induces melting in the overlying mantle wedge.
However many petrologic studies of modem subduction zone magmas suggest 
melting of the slab does occur, producing a felsic melt which then interacts with the 
overlying mantle to yield hybrid arc basalts (Nicholls and Ringwood, 1973; Gill, 1981; 
Sekine and Wyllie, 1982; Wyllie, 1984; Brophy and Marsh, 1986). The Archean 
mantle was obviously hotter than the present day mantle, although the continental 
lithospheric mantle may not have been hotter (Richter, 1985). Thus in Archean 
subduction zones a hot plate is subducted beneath a hot mantle wedge, approximating 
Wyllie's model of warm crust-warm mantle (Fig. 2.5). These higher temperatures 
would cause: (1) the slab to melt at shallower levels (albeit still in the garnet stability 
field) and (2) greater amounts of melting within the slab. Thus intermediate to mafic 
magmas would be produced from a downgoing plate and, using the modem analogy, 
would interact with the overlying mantle wedge to produce basaltic magmas which 
could then intrude the crust. This is consistent with Wyllie's (1984) experimental 
results, who concludes: "Granite and trondhjemite liquids cannot be generated from 
normal peridotite, nor from oceanic crust in subduction zones." He suggests that 
Archean TTG rocks could be derived from partial melting of sinking blocks of basic 
"protocrust" which experience higher temperatures than those at the surface of a 
subducting slab.
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Figure 2.4 M agma genesis at a continental arc with a warm mantle and warm crust. Such 
a model may approximate thermal conditions in the Archean. After W yllie (1984). N ote  
that felsic, slab-derived magmas m ix with overlying mantle wedge to produce high A1 basalt.
A hotter Archean mantle would create a hotter lower continental crust at convergent 
plate settings, which may lie near or above the solidus of H2O undersaturated tholeiites 
(Green, 1982)(Fig. 2.5 ). Thus partial melting of a mafic lower crust in a continental 
arc environment would be likely. This is an alternative source for TTG rocks and 
avoids the petrologic problems of generating felsic magmas in, and transporting them 
through, the mantle. If this model is correct, it predicts a mafic to ultramafic Archean 
lower crust interlayered with lesser amounts of TTG rocks. Such a crust would 
conform more closely to the heat flow constraints mentioned above.
A significant problem with both models of TTG generation is the location of the 
eclogitic residue. In the slab melting model this residue could be easily hidden by 
transport into the deep mantle or re-mixed into the mantle. In this respect it is 
interesting to note that eclogite xenoliths from kimberlite pipes which traverse Archean 
cratonic regions do not have the characteristic REE pattern predicted for the residues of 
TTG genesis (i.e., strong LREE depletion coupled with HREE enrichment [Philpotts et 
al., 1972; Jagoutz et al., 1984; Shervais et al., 1986]). In the lower crust melting 
model, the residue should reside beneath TTG dominated Archean cratons, such as 
southern India, the Canadian Superior province, etc. Since lower crustal xenoliths have
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not been reported from Archean cratons (see Chapter 3), the only way in which this 
lower crust could be characterized is through geophysical surveys (Chapter 4) and 
possibly tectonically uplifted crustal cross sections. The Kapuskasing structural zone, 
Ontario, is one such cross section through Archean crust. Even though it only samples 
to depths of 20 km, it is interesting that mafic rocks become more abundant towards the 
deeper sections (Percival and Card, 1983). However, none of these mafic rocks appear 
to consist of the eclogite residue (see Appendix 11). It is possible that the high density 
of these rocks inhibits their uplift
Granulite terrains which are dominated by mafic rocks, although rare, do occur. 
These are the Paleozoic Fiordland granulites, New Zealand (Oliver, 1977; 1980), the 
Mesozoic Kohistan sequence, Pakistan (Jan and Howie, 1981; Bard, 1983) and the 
Paleozoic Ivrea zone and Calabria granulites, Italy (Mehnert, 1975; Fountain and 
Salisbury, 1981; Schenk, 1984). All these terrains have similar characteristics: they are 
young, mafic meta-igneous rocks dominate at the deepest exposed levels, they occur 
near regions of recent tectonism and, except for Fiordland, where crustal structure is 
uncertain (Priestly and Davey, 1983), they occur in regions of presently thick crust. 
These features may imply that special conditions are required to expose dense, mafic 
lower crust and because these terrains are currently situated in regions of high elevation 
and thick crust, erosion will remove them within several hundred million years. If these 
terrains represent lower crust that was up thrusted in collisional settings, as has been 
postulated for all of them, erosion will reveal high-grade supracrustal rocks immediately 
underlying these mafic massifs.
2.5 Conclusions
Based upon the numerous petrological and geochemical studies of granulite facies 
terrains, the following conclusions can be drawn:
(1) P-T paths of granulite terrains help to constrain the tectonic setting in which they 
form, but are not necessarily distinctive. In particular, isobaric cooling paths in 
granulites can occur in a variety of settings, including both upper and lower plates of 
continent-continent collision zones, and the lower crust of continental arcs and
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Continental rifts. Determination of the timing of different phases of the metamorphism 
greatly helps in defining whether granulite terrains remained deeply buried for any 
appreciable length of time.
(2) Granulite terrains are lithologically heterogeneous, but several generalizations can be 
drawn. Metasediments are present in all granulite terrains and require a tectonic 
mechanism of burying them to deep crustal levels. Archean granulite facies terrains, 
like the Archean upper crust, are dominated by rocks of the TTG assemblage, whereas 
these rocks are subordinate in post-Archean granulite terrains.
(3) The concentrations of the heat producing elements in nearly all Archean granulite 
facies terrains are too high to explain the low crustal heat production presently observed 
in Archean crustal blocks (only the exceptionally depleted Scourian granulites have low 
enough HPE). This implies that the lower crust presently beneath Archean terrains is 
mafic.
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CHAPTER 3. GRANULITE XENOLITHS
3.1 Introduction
A second source of rocks which have equilibrated at lower crustal temperatures 
and pressures is provided by fast-erupting volcanics and diatremes, which carry 
xenoliths of deep seated origin. The most common xenolith-bearing host rocks are 
alkali basalts and kimberlites, however deep crustal xenoliths have also been described 
in more evolved rocks such as andesite (Ichinomegata Crater, Japan; Aoki, 1971) and 
latite (Sullivan's Butte and Camp Creek Latite, Arizona; Arculus and Smith, 1979; 
Schulze and Helmstaedt, 1979; Esperanpa 1986). The occurrence of dense xenoliths of 
upper mantle origin in the same host volcanics attest to the rapid ascent of these magmas 
(Spera, 1980).
Appendix 2 summarizes the reported occurrences of lower crustal xenoliths, along 
with the petrologic and geochemical studies. Fig. 3.1 shows the distribution of lower 
crustal xenolith-bearing volcanics. As with granulite terrains, little data on lower crustal 
xenoliths is available from several large continental areas (no reported occurrences from 
the U.S.S.R., and one each from Asia and South America). In contrast with granulite 
terrains, most xenolith-bearing pipes are situated in relatively young crustal areas (of the 
32 localities in Appendix 2 and shown in Fig. 3.1, only 15 erupt through Precambrian 
crustal blocks). Furthermore, only a few Archean cratonic regions are transected by 
volcanic pipes and the only reported occurrence of granulite facies xenoliths from such a 
region are in the Loch Roag alkali basalts of Scotland, which intrude Lewisian gneisses 
(Upton et al., 1983). Some of these mafic granulites yield Archean model ages 
(Halliday et al., 1985), however it is possible that these ages reflect contamination of 
the mafic magmas which gave rise to the granulites with pre-existing Archean crust and 
therefore do not represent mantle extraction ages. Consequently a direct comparison of 
Archean lower crust as sampled in granulite facies terrains and granulite xenoliths 
cannot be made, and only through geophysical techniques (Chapter 4) are we able to 
gain information on the present-day lower crust in Archean cratons.
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3.2 Depth of Origin
Rough estimates of the depth of origin for crustal xenoliths can be made based on 
their mineralogy and decompression textures. Stable mineral assemblages as well as 
mineral compositions reflect the pressures and temperatures at which the minerals grew. 
Application of cation exchange thermobarometers and comparison of xenolith 
mineralogy with experimental results for similar bulk rock compositions allow 
semi-quantitative estimates of P and T. Because the H9 O undersaturated solidus for 
most rock compositions has a positive slope on a temperature versus pressure plot, a 
felsic to intermediate rock which resides deep within the crust may pass above its 
solidus as it is brought rapidly to the earth's surface, forming melts which are quenched 
upon eruption of the host (Fig. 3.2; Padovani and Carter, 1977). This melting is 
enhanced if the xenolith is at all heated by the host volcanics. Thus lower crustal 
equilibration conditions, coupled with decompression features in the xenoliths can be 
used to document the derivation of the xenolith from depth. High-grade intermediate to 
felsic xenoliths which lack evidence of rapid decompression may be derived from 
shallow crustal levels, particularly if such rocks crop out in the vicinity of the volcanic 
pipe (Kay and Kay, 1981; Griffin and O'Reilly, 1987). In this respect, the age of 
high-grade metamorphism can be used to distinguish possible near-surface metamorphic 
rocks from rocks derived from the present-day lower crust This is further discussed in 
the section on the McBride xenoliths from northern Queensland.
A good review of thermobarometry applied to lower crustal xenoliths is provided 
by Kay and Kay (1981). They make the important observation that there is often 
significant disagreement between temperatures estimated from different thermometers 
when applied to the same sample. Even temperatures calculated from different 
calibrations of a given thermometer yield different results for the same mineral data. 
Geobarometry for mafic xenoliths is generally restricted to the use of the 
gamet-orthopyroxene barometer (Wood, 1974; Harley and Green, 1982). This 
barometer is extremely temperature sensitive, with pressure varying by 0.4 GPa for 
every 100°C. Thus uncertainties in temperature will amplify uncertainties in pressure. 
A less temperature sensitive geobarometer is available for felsic granulites (containing 
plagioclase-quartz-pyroxene-gamet), with an uncertainty of ±0.15 GPa (Newton and
Perkins, 1982). The above observations demonstrate that thermobarometry can be used 
to constrain the general depth from which xenoliths are derived, but cannot be used to 
construct a crustal section with any degree of accuracy (Kay and Kay, 1981).
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Figure 3.2 Water undersaturated solidii for different rock compositions: granite, 
tonalite and amphibolite are from Wyllie (1977), pelite is from Thompson (1982). 
Box and arrow are schematic representation of path of a lower crustal xenolith which 
is rapidly transported to the earth's surface. Note that dry solidii would plot to the 
right.
In addition, the interpretation of thermo barometric results is complicated by 
"frozen in" mineral equilibria which result from the inability of minerals to equilibrate to 
ambient P-T conditions (Harte et al., 1981). Perhaps the most promising way in which 
to determine the relevance of P-T estimates from xenoliths to the thermal structure of the 
lower crust is through isotopic measurements (Rb-Sr and Sm-Nd) of separate mineral 
phases, which can be used to determine the age of last equilibration (Richardson et al., 
1980; Harte et. ai., 1981; Stosch and Lugmair, 1984).
3.3 Composition of Granulite Xenoliths
In contrast with the diverse lithologies exposed in granulite facies terrains,
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granulite xenoliths are dominated by mafic compositions (Appendix 2), although 
metasedimentary xenoliths are locally abundant (e.g., Massif Central, France; 
Kilboume Hole, New Mexico, La Olivina, Mexico) and felsic meta-igneous granulites 
have been reported from some areas (Massif Central; Lesotho, southern Africa; 
Calcutterroo, South Australia; McBride Province, Queensland; see Appendix 2). Mafic 
granulite xenoliths can arise from several diverse processes; (1) crystallization of 
basaltic melts in the deep crust, (2) crystal accumulation from fractionating mafic to 
intermediate melts in the lower crust, (3) removal of partial melt from more evolved 
protoliths, and (4) tectonic transport of mafic supracrustal rocks into the lower crust. In 
detail, the composition of most mafic granulite xenoliths varies considerably, and 
because most xenoliths retain little textural evidence of their origin, their petrogenesis is 
best constrained through careful geochemical and isotopic studies. Appendix 2 
summarizes the available studies to date. The major conclusion derived from most is 
that mafic granulites represent a significant proportion of lower crustal xenoliths 
world-wide and several suites are composed primarily of cumulates (e.g., Lesotho 
granulites [Rogers and Hawkesworth, 1982], Chudleigh granulites [Rudnick et al., 
1986]). Thus basaltic underplating of the continental crust appears to be an important 
crust-forming process.
3.4 Relevance to Lower Crustal Composition
The high-pressure mineralogy and decompression features of granulite xenoliths 
attest to their derivation from the present-day lower crust. In addition, when 
metamorphic ages have been determined (e.g., Lesotho xenoliths, 700-1000 Ma [Harte 
et al., 1981], Eifel xenoliths, 125 Ma [Stosch and Lugmair, 1984] and McBride 
xenoliths, -250 Ma [Rudnick and Williams, 1987]) these show that granulite xenoliths 
are not related to any near-surface metamorphics. Therefore such xenoliths are samples 
of the lower crust which existed at the time of eruption of the host basalts or kimberlites 
and can thus provide direct information on lower crustal composition.
However, several features must be considered when attempting to determine lower 
crustal composition and structure from granulite xenoliths; (1) The lack of careful, 
systematic sampling of xenolith suites may bias the bulk composition. For example,
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generally only mafic xenoliths have been reported from localities in Victoria, Australia 
(e.g. Wass and Hollis, 1983), yet crustal xenoliths in many of the Newer Basalt field 
pipes consist of only felsic garnet-sillimanite xenoliths (e.g., Mt. Pomdon, Mt. Leura, 
Mt. Shadwell and Mt. Noorat). These xenoliths are extensively melted and 
consequently have yet to be studied in detail. (2) Because of their lower melting 
temperatures, intermediate to felsic xenoliths may disaggregate during ascent, so that 
their proportions are under-represented. (3) As discussed by Kay and Kay (1981), 
uncertainties in thermobarometry make determination of depth profiles from xenoliths 
difficult and the possibility of inverted metamorphic grade within the crust adds further 
complexity to the use of xenoliths in constructing crustal sections (Kay and Kay, 1981; 
Griffin and O'Reilly, 1987). (4) The absence of xenoliths from stable Archean cratons 
limits their use in characterizing the present-day Archean lower crust
Despite these potential problems, all but the last can generally be evaluated and 
overcome through integrated petrologic, geochemical and isotopic studies of xenolith 
suites and comparison of the results with what is known of the regional geology. 
Below are several case studies of crustal xenolith suites in which it was possible to 
determine the age, relative stratigraphy and composition of the deep crust and relate it to 
probable tectonic setting.
3.5 Case Studies
In the following sections I summarize the relevant petrologic, geochemical and 
isotopic characteristics of two suites of lower crustal xenoliths from north Queensland, 
Australia: the Chudleigh suite, carried in < 1 Ma alkali basalts situated near a fault 
boundary separating the Paleozoic Tasman fold belt to the east from the Proterozoic 
Georgetown Inlier to the west, and the McBride suite, carried by < 5 Ma alkali basalts 
which erupt through the center of the Georgetown Inlier (Fig. 3.3). These xenolith 
suites reflect two types of lower crust: one which formed predominantly through 
basaltic underplating during the Cenozoic (Chudleigh suite) and the second which is 
representative of lower crust formed and modified in a Phanerozoic orogenic belt 
(McBride suite).
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Figure 3.3 Generalized geologic map of northern Queensland (after White, 1965). 
Squares mark the xenolith-bearing basaltic pipes discussed in the text.
35.1 Basaltic Underplating -  The Chudleigh Suite
Lower crustal xenoliths from this suite are predominately mafic; only one felsic 
xenolith was found out of 77 collected by myself and Kay and Kay (1983). Fourteen 
of these mafic xenoliths, chosen to span the observed mineralogical range, were 
analysed for major and trace elements and 12 of these were analyzed for Sr and Nd 
isotopic compositions; complete whole rock and mineral analyses are given in Rudnick 
et al., 1986 (Appendix 5) and Rudnick and Taylor, 1987a (Appendix 7), respectively. 
In addition, ultrasonic P-wave velocities have been determined for 6 of these xenoliths 
(see Chapter 4). The xenoliths are divided into three general categories based on 
mineralogy and chemistry: plagioclase-rich xenoliths, pyroxene-rich xenoliths and
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xenoliths transitional between these two types.
The mineralogy and textures of the xenoliths are generally complex, reflecting the 
whole-rock composition as well as the changing pressure and temperature conditions 
which these rocks experienced. Metamorphic textures are common, whereas relict 
igneous textures (i.e., large, poikilitic pyroxenes and tabular plagioclases) occur in only 
a few xenoliths. Decompression melts are confined to the ubiquitous kelyphidzadon of 
garnets.
The plagioclase-rich xenoliths have rather constant whole rock compositions with 
respect to SiO-> and AI9O3, and the presence of garnet does not seem to correlate with 
normative mineralogies, hence composition, as suggested for other Australian lower 
crustal xenoliths (Griffin and O'Reilly, 1986). Therefore the large variation in 
mineralogy probably reflects the variable depths from which these xenoliths were 
derived. Cation exchange thermobarometry calculations lead to widely variable P-T 
estimates for single rocks (see Rudnick and Taylor, 1987a [Appendix 7]). In addition, 
these xenoliths often contain coronas, reflecting incomplete mineral reactions associated 
with changes in T and/or P. Therefore, the best means of estimating the depth of origin 
for these rocks is by comparison of the observed mineral assemblages with 
experimentally determined assemblages for a 2 pyroxene granulite xenolith of similar 
bulk rock composition (Irving, 1974). This suggests the xenoliths were derived from 
depths of 20 to 40 km. The several types of coronas in these xenoliths reflect the 
breakdown of olivine and plagioclase to pyroxene and spinel and the breakdown of 
spinel to garnet; both coronas are produced through isobaric cooling (see Fig. 4 of 
Rudnick and Taylor, 1987a).
The major and trace element concentrations of the three types of Chudleigh 
xenoliths reflect their modal and normative mineralogies. Plagioclase-rich xenoliths 
have high AI0O3 and low TiOo contents at nearly constant SiC^. REE patterns for 
these rocks show low overall abundances with LREE-enrichments and large positive Eu 
anomalies (Fig. 3.4a). Pyroxene-rich xenoliths have lower AI2O3 and higher TiCb 
contents than plagioclase-rich xenoliths, at similar Si02 contents. REE patterns of these 
rocks are LREE depleted at about 10 times chondrite (Fig. 3.4b). The transitional 
xenoliths have major and trace element compositions transitional between the two end
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Plagioclase-rich
La Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm Yb
Transitional
La Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm Yb
Pyroxene-rich
La Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm Yb
Figure 3.4 REE patterns of (A) Plagioclase-rich, (B) transitional, and (C) pyroxene-rich 
Chudleigh xenoliths. Chondiite normalizing factors from Taylor and McLennan (1985).
29
member types; REE patterns are flat to LREE depleted with positive Eu anomalies (Fig. 
3.4c). The REE patterns suggest the xenoliths are cumulates from a mafic magma.
Positive and negative correlations between Mg# (100 Mg/Mg + XFe) and 
compatible and incompatible trace elements, respectively, suggest the xenoliths are 
genetically related to one another. The Mg#s of the xenoliths reflect the degree of 
differentiation each has experienced. Additionally, in cumulates, Mg# may also be a 
function of the amount of trapped melt and/or the proportions of mafic cumulate phases 
present (i.e., the proportions of olivine to pyroxenes to spinel). However, these latter 
factors do not appear to have significantly affected Mg# in the Chudleigh xenoliths (see 
Rudnick et al., 1986 [Appendix 5]) for a complete discussion of this). Correlations 
between AI2 O3  and Ti, V, Zr, Hf and Y reflect the original proportions of pyroxene to 
plagioclase in the rocks.
The highly variable Sm/Nd ratios of the Chudleigh xenoliths coupled with the 
apparent genetic relationship amongst them make these rocks very good candidates for 
dating thorough Sm-Nd systematics. However, the Nd isotopic analyses do not form 
an isochron and when plotted against ^ S r /^ S r , form a well defined curve between 
isotopically depleted and enriched compositions. Such a trend is suggestive of mixing 
between two isotopically distinct end members (Fig. 3.5).
Perhaps the most definitive observation relating to the origin of these xenoliths is 
the excellent correlation between Mg# and isotopic ratios (Fig. 3.6). Such a correlation 
shows that the mixing trend cannot be produced through mixing of two mantle sources 
(enriched and depleted) because the degree of fractionation (as reflected in the Mg#) 
correlates perfectly with the isotopic composition. If one calls upon an isotopically 
enriched mantle with low Mg# (of ~60 to account for the lowest Mg# observed in the 
suite) as one end member, then the xenoliths must represent "prisitine" mantle-derived 
magmas which have not undergone any fractionation. Of course the xenoliths 
themselves are evidence that fractionation was occurring, so this model seems unlikely. 
The above data are best explained by a model of fractionation of a basaltic magma in the 
lower crust which assimilated crustal material as fractionation proceeded (assimilation 
and fractional crystallization [AFC] see Rudnick et al., 1986 for details of the model).
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Figure 3.5 Sr and Nd isotopic compositions of Chudleigh province xenoliths. Shaded 
field in upper left represents isotopic compositions of MORB; diagonal lines encompass 
mantle array. See Rudnick et al. (1986) for data and analytical techniques.
In addition to defining the petrogenesis of the Chudleigh xenoliths, the isotopic 
data can be used to derive an age for the suite. Because of the large variation in Sm/Nd 
ratios for these xenoliths, the good correlations between isotopic ratios and Mg# (and 
trace elements) degrade as the isotopic data are back-calculated to earlier times. 
Therefore, if we assume that the correlation of £Nd with Mg# is, like the trace 
element-Mg# correlations, due to AFC processes, then the time at which the greatest 
correlation exists may give the best estimate of the age of the suite. This suggests the 
xenolith suite is relatively young (<100 Ma) and may be related to an earlier phase of 
Cenozoic basaltic magmatism.
In summary, the Chudleigh xenoliths are examples of lower crust which formed 
through basaltic underplating. The xenoliths are genetically related cumulates 
crystallized from a basaltic magma which intruded the lower crust and, as it 
crystallized, assimilated surrounding isotopically evolved crust. The cumulates thus 
produced remained in the lower crust, cooling slowly to produce complex coronal 
textures. They were then entrained in alkali basalt around 1 Ma ago and transported to 
the earth's surface. The lower crust beneath these vents therefore contains appreciable
amounts of young cumulates, but isotopically evolved, presumably intermediate to 
felsic lower crust must also underly these vents.
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Figure 3.6 Mg number (100Mg/[Mg + XFe]) versus isotopic compositions for 
Chudleigh province xenoliths. Symbols as in Fig. 3.5.
3 5 2  A Paleozoic Continental Margin  ~  The McBride Suite
Xenoliths were less abundant at this locality than in the Chudleigh province, so all 
xenoliths of crustal origin that were encountered during two days of searching were 
collected. The most distinctive feature of lower crustal xenoliths from this suite is the 
great diversity of their lithologies. Of the 35 crustal xenoliths collected, 66% are mafic, 
17% are intermediate and 11% are felsic granulites; the remaining 6% are upper crustal 
granites. Twelve of the granulitic xenoliths, chosen to span the compositional range, 
were analyzed for major and trace elements. In addition, 7 of these xenoliths contain 
zircons which were dated by ion microprobe. Complete whole rock and mineral 
analyses are given in Rudnick and Taylor, 1987b (Appendix 8) and U-Th-Pb zircon ion 
probe analyses are given in Rudnick and Williams, 1987 (Appendix 9).
Mineralogy of these xenoliths is a function of their compositions and equilibration 
conditions. In general, equilibrium textures predominate and are typified by 
granoblastic grain boundaries. Several rocks contain coronal textures: in mafic rocks 
these are confined to garnet-forming reactions (garnet surrounding spinel, 
clinopyroxene and Fe-oxides) whereas in one metasedimentary rock, 
plagioclase-orthopyroxene rims on garnet attest to garnet breakdown. The former
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reactions are caused by a temperature decrease or pressure increase, and the latter 
reaction is usually attributed to a pressure decrease or temperature increase, although 
geobarometry yields 1.1 GPa pressures for the growth of the coronal orthopyroxene. 
Calculation of equilibration T using cation exchange thermometry indicates these 
xenoliths equilibrated between 700-1000°C, which corresponds to depths of 
approximately 20 to 40 km; pressure estimates for five of the xenoliths, encompassing 
all observed compositions, vary from 0.8 to 1.2 GPa. All of the intermediate to felsic 
xenoliths contain variable amounts of glass along grain boundaries. In addition, 
kelyphitic rims are developed on garnets from most samples. Both these features are 
indicative of decompression from great depths.
Ion microprobe U-Pb ages for zircons from 7 of these samples (mafic through 
felsic) yields the following chronology: all the samples contain late Paleozoic to early 
Mesozoic (200-250 Ma) zircons. These young zircons in all but one sample (83-157) 
show a significant spread of concordant ages, generally between 250 to 350 Ma (Fig. 
3.7). Thus the age of the high-grade metamorphism was late Paleozoic, which 
corresponds to a time of eruption of voluminous calc-alkaline ash-flows and 
emplacement of high-level granitic plutons in this region of north Queensland (Black, 
1980). The approximate 100 Ma age spread in the young zircons is interpreted as the 
time required to cool below the blocking temperature for Pb diffusion in zircon. Such a 
time scale is similar to that predicted for the cooling of magmatically underplated lower 
crust (Wells, 1980). The Paleozoic ages attest to the derivation of these xenoliths from 
presently deep crustal levels, as little erosion has occurred in this region since ~300 Ma 
ago. In addition to young zircons, 3 samples contain significant numbers of 
Proterozoic zircons (83-157, 83-159, 85-100). In both 83-157 and 83-159 (an 
intermediate and marie granulite, respectively) the Proterozoic zircons form a chord 
between approximately 1550 and 250 Ma, suggesting these rocks formed originally in 
the mid-Proterozoic and underwent granulite facies metamorphism in the late Paleozoic. 
The mid-Proterozoic age coincides with the timing of amphibolite facies metamorphism 
and igneous activity in the Georgetown Inlier (Black et al., 1979). Finally, one mafic 
granulite (85-100) contains older zircons which yield a range of concordant or near 
concordant ages between 1240 Ma and 500 Ma. This scatter suggests these zircons are
D  I 83-157
-500
£  1 85-1003 B 1 83-160
6.0 7.0
C  1 85-107 F  ! 85-120
Z G 183-159
Figure 3.7 Ion probe results for McBride xenoliths. Boxes represent 1 a  error.
xenocrystic, which is consistent with the basaltic composition of this sample (see 
below). The younger zircons in this sample may have grown during granulite facies 
metamorphism.
With this geochronologic framework outlined, the chemical characteristics of these 
samples can be used to define their petrogenesis. The highly variable major and trace
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element compositions of these xenoliths suggests there is no genetic relationships 
between them. Thus, each needs to be evaluated separately. Unlike the Chudleigh 
province xenoliths, many of these xenoliths are small and layered. Preferential 
sampling of one layer over another will alter the bulk rock composition accordingly. In 
addition, high-grade metamorphism could cause selective depletion of some elements, 
but such effects can only be evaluated in rocks which have other compositional 
parameters similar to common igneous or sedimentary rock types, so that direct 
comparisons can be made.
The 8 analyzed mafic McBride province xenoliths can be divided into three genetic 
types, based on their bulk rock chemistries and zircon inclusion information: (1) 
crystallized basaltic melts, (2) cumulates from mafic melts, (3) cumulates from felsic 
melts and (4) residue left after extraction of partial melt from an intermediate precursor. 
The following paragraphs summarize the geochemical and petrographic observations 
which led to the above interpretations.
Two mafic xenoliths (85-108 and 85-120) have major element and REE patterns 
similar to quartz normative tholeiites (Fig. 3.8a). In addition, 85-100 has a very similar 
REE pattem, but its major element chemistry, as well as the high Cr and Ni contents, 
reflect the large amount of orthopyroxene in this sample, which forms an 
orthopyroxene-rich layer encompassing about 3/4 of the rock. This layer may have 
formed through cumulate processes, or through enrichment of orthopyroxene by 
metamorphic differentiation. The observation that the whole rock REE pattern has a 
negative Eu anomaly, yet plagioclase is modally abundant in the orthopyroxene-poor 
layer, suggests that plagioclase was not a cumulate phase. Because zircon is not stable 
in basaltic melts (Dickinson and Hess, 1982), yet zircon is present in two of these 
samples, the zircons are interpreted as xenocrysts (for the older zircons of 85-100) and 
also as metamorphic zircons (for the late Paleozoic zircons) which may have grown as a 
product of amphibole breakdown to pyroxene (such a reaction should release Zr, based 
on partition coefficients).
Another two unlayered mafic xenoliths (83-158, 85-106) have major and trace 
element concentrations similar to pyroxene-rich cumulates, with low Na2Ü and high 
CaO, Cr, Ni, V and Sc (relative to basaltic magmas) and LREE depleted REE patterns
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Mafic Melts
■ 85-100
♦ 85-108
+ 85-120
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Mafic Cumulates
83-158
85-106
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Mafic Restites or Cumulates
■ 83-159 
♦ 85-107 
+ 85-114
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Fig. 3.8 REE patterns for McBride province mafic xenoliths. (A) Xenoliths with 
melt-like compositions, (B) Xenoliths with compositions of high-pressure 
clinopyroxenes, (C) Xenoliths interpreted to be either cumulates (85-107) or restites 
(83-159 and 85-114). Chondrite normalizing values from Taylor and McLennan 
(1985).
(Fig. 3.8b). These compositions fit a pyroxene formula well and probably originated as 
high-pressure pyroxene cumulates from a mafic melt. The modal garnet and plagioclase
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thus represent subsequently exsolved phases, or possibly phases crystallized from 
interstitial melt.
Two large, unlayered mafic xenoliths are characterized by high AI0O3 and positive 
Eu anomalies (83-159 and 85-114); both may be residua. The trace element chemistry 
of 83-159 does not allow a direct distinction between a restite or cumulate origin, only 
that plagioclase was an important phase during the generation of this sample, based on 
the large positive Eu anomaly (Fig. 3.8c). However, when its chemical characteristics 
are combined with observations on the ages of zircon and the types of inclusion within 
them, a restite origin is suggested. Several zircon from 85-159 contain recrystallized 
melt inclusions of approximate intermediate composition (Si02 ~63 wt.%), and define 
a chord between 1580 and 200 Ma on a concordia diagram (Rudnick and Williams, 
1987 [Appendix 9]). The simplest model to explain these observations is that the 
zircons crystallized from an intermediate melt during the Proterozoic. This rock was 
then partially melted during high-grade metamorphism in the late Paleozoic, leaving a 
mafic residue of plagioclase and ferromagnesian minerals, with accessory zircon. The 
modally abundant garnet in this sample must have formed in the subsolidus since the 
HREE are not enriched. In contrast, 85-114 shows the effects of both plagioclase and 
garnet concentration in its REE pattern (Fig. 3.8c). The lack of mineralogical layering 
implies that these features are not due to metamorphic differentiation. Plagioclase and 
garnet only coexist at near-solidus temperatures for basalts and andesites (Green, 
1982), suggesting this sample is a restite rather than a cumulate. The high Ti and Nb 
content of this sample also shows that rutile (which is modally present), or possibly 
another Ti-rich phase, was an important residual phase during the partial melting event 
The felsic to intermediate granulite xenoliths appear to represent paragneisses and 
orthogneisses, respectively. The two intermediate xenoliths are layered and have 
mineralogy, major and trace elements which are suggestive of a sedimentary origin. 
The high AI9O3 contents relative to Na20  and CaO suggests these samples have been 
weathered. The REE pattern of one (83-157) is similar to that of post-Archean shales 
(Fig. 3.9a), i.e., LREE-enriched with a negative Eu anomaly. The other sample has a 
peculiar REE pattem with elevated HREE and low, but fractionated LREE (Fig. 3.9a). 
This pattem reflects preferential sampling of garnet, which is concentrated within layers
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Intermediate Xenoliths
83-157
85-101
PAAS
S  100
La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb
Felsic Xenoliths
83-160
83-162
La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb
Fig. 3.9 REE patterns of McBride intermediate to felsic xenoliths. (A) Intermediate 
xenoliths interpreted as metasediments. REE pattern for post-Archean Australian shale 
(PAAS) shown for reference. (B) REE patterns for felsic xenoliths, interpreted as 
orthogneisses. Chondrite nomalizing factors from Taylor and McLennan (1985).
in this sample. The two felsic xenoliths have major and trace element characteristics 
similar to calc-alkaline igneous rocks. These features, coupled with their late Paleozoic 
crystallization ages, suggest they are related to the extensive calc-alkaline igneous rocks 
which abound near Hill 32. The lack of a significant older zircon population in both 
samples suggests these magmas formed by partial melting of the deep crust during the 
Paleozoic and did not move far from their source regions.
In summary, the McBride province xenoliths reflect a compositionally diverse 
lower crust which formed through equally diverse processes. Mafic xenoliths formed 
by intrusion and crystallization of mafic magmas, crystal accumulation from mafic and
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felsic magmas, and partial melting of intermediate rock types. Intermediate xenoliths 
appear to be metasediments and felsic xenoliths represent granitic melts which 
crystallized at deep crustal levels. Such heterogeneous lithologic assemblages may be 
characteristic of the lower crust in Phanerozoic continental margins. Simple models of 
lower crust formation through basaltic or andesitic underplating or intracrustal melting 
do not explain the data.
3.6 Conclusions
The following conclusions can be drawn from the above data and observations on 
granulite xenoliths:
(1) High pressure mineralogies and decompression features coupled with 
geochronologic information on the timing of metamorphism for granulite xenoliths 
attests to their derivation from deep crustal levels. Consequently the study of such 
xenoliths provides direct information on the nature of the lower continental crust in 
post-Archean regions.
(2) Most granulite xenoliths are mafic, and many of these have compositions of basaltic 
melts or cumulates. This suggests that basaltic underplating is an important process by 
which the lower crust grows during post-Archean times.
(3) Intermediate to felsic xenoliths may be under-represented in xenolith suites either 
due to preferential sampling by investigators or preferential sampling by (or lack of 
preservation in) the host magma.
(4) The events which form and modify the lower crust are often manifested in the upper 
crust as magmatism and/or tectonism.
(5) The lower crust at Phanerozoic plate margins is characterized by heterogeneous 
lithologies which form through a variety of igneous and metamorphic processes.
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CHAPTER 4. GEOPHYSICAL TECHNIQUES
4.1 Introduction
The gathering of field-based geophysical data allows delineation of the in situ 
physical properties of the lower continental crust. Particularly, electrical resistivity 
measurements, heat flow measurements and seismic reflection and refraction profiles 
have recently provided important constraints on the composition, volatile content and 
structure of the lower continental crust. In addition, laboratory measurements of the 
physical properties of rocks complement the field-based studies and allow better 
interpretation of the results. In this chapter I will review the available data derived from 
these techniques and attempt to integrate it with petrological observations of lower 
crustal rock types in order to further constrain the nature of the lower crust.
4.2 Electrical Resistivity Measurements
Within the last decade d.c. resistivity, magnetotelluric and geomagnetic variation 
techniques have documented regions within the deep crust which contain abnormally 
low resistivities (p). "Normal" lower crust typically has p = 100-1000 £2m, whereas 
"anomalous" lower crust is defined as having p < 100 Qm, and often up to an order of 
magnitude lower (Haak and Hutton, 1986). Anomalies within inactive continental 
regions (i.e. areas which are not currently undergoing tectonism) may run for over 1000 
km. However, these elongate crustal lineaments are generally poorly constrained in 
terms of depth and width.
Haak and Hutton (1986) suggest that proper determination of the depth and areal 
geometry of resistivity anomalies requires a dense network of observational sites and a 
wide range of sounding frequencies in order to probe to mantle depths. They suggest 
that only one such study exists: that of Jodicke et al. (1983) for the Rhenish Massif, 
N.W. Germany. In this study two roughly N-S traverses delineate low resistivity (~10 
G>m) layers which dip from about 15 km in the north to over 30 km in the south. 
Jödicke et al. (1983) argue that these layers are between <1 to ~5 km thick and that 
these thicknesses cannot be increased beyond a few kilometers.
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Low resistivities can be produced in a variety of ways: interconnected graphite, 
magnetite, sulfides or aqueous fluids have all been suggested as causes for low 
resistivities (Haak and Hutton, 1986). However, because of the rarity of sufficient 
quantities of these mineral phases in lower crustal samples, aqueous saline fluids are 
generally appealed to in electrical studies (Shankland and Ander, 1983; Gough, 1986; 
Haak and Hutton, 1986).
Recent laboratory investigations help in the interpretation of resistivity anomalies. 
Lee et al. (1983) measured the conductivities of several gneisses from the Lewisian 
complex in Scotland under a variety of P-T and fluid saturation conditions. They found 
that p increased with increasing pressure in saturated samples, which they attributed to 
successive cutting off of conduction paths as a result of the elastic deformation of the 
pore walls. As expected, the presence of fluid, increasing salinity and increasing 
temperature caused p to decrease. Table 4.1 summarizes Lee et al.'s (1983) results for 
the rock types they studied at 275°C and 0.35 GPa (equivalent to ~11 km depth). One 
unexpected result of this study was the observation that mafic rocks yielded consistently 
lower p than felsic rocks. This observation has been used to suggest that low p regions 
within the lower crust may be explained simply by the presence of dry mafic rock types, 
thereby overcoming the apparent conflicting evidence from petrology and geoelectric 
studies regarding the volatile content of the lower crust (Yardley, 1986; see below). 
However, it is probably significant that the mafic rocks measured by Lee et al. (1983) 
all contain large amounts of amphibole. Amphibole is a much better conductor than 
quartz or feldspar (the modally abundant phases in the felsic gneisses). In addition, 
laboratory measurements of the conductivity of pyroxenes and garnets, which would be 
volumetric ally important minerals in dry mafic granulites, show them to be highly 
resistive (p > 500,000 Qm at T = 500°C, Duba et al., 1973; Parkhomenko, 1982). 
Thus, the enhanced conductivity of the mafic samples relative to the felsic samples may 
be primarily due to the presence of a hydrous phase and not to the compositional 
differences. It is also noteworthy that none of the measured p's reach the low values 
measured in deep crustal p anomalies, even when saturated with 0.5 M NaCl (the 
salinity of sea water). Extrapolation to higher temperatures, as might exist in the lower 
crust, would cause p to decrease, but this decrease is offset by the effects of increasing
pressure, which closes pore spaces. Therefore, these measured p's are probably
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representative of these rock types in the deep crust (i.e., >20 km depth).
Table 4.1 Measured Resistivities of high grade rocks at 275°C and 0.35 GPa 
(Lee et al., 1983)
Sample Saturation Conditions p (Qm)
Epidote-amphibole Gneiss Saturated with 0.5 M NaCl 250
(Bl) Saturated with 0.05 M NaCl 2,500
Unsaturated 5,600
Amphibolite Gneiss (B2) Unsaturated -9,000
Mafic Gneiss, with Saturated with 0.5 M NaCl 350
Amphibole (B3)
Biotite-Granite Gneiss (Al) Saturated with 0.5 M NaCl -8,000
Biotite-Granite Gneiss (A2) Saturated with 0.5 M NaCl -18,000
Biotite-Granite Gneiss (A3) Saturated with 0.5 M NaCl -3,200
Unsaturated 316,000
It is apparent from the above experimental data that, barring the presence of 
interlocking graphite, magnetite or sulfide, a free saline fluid phase is required to 
account for the deep crustal low resistivity layers. However, several problems exist 
with postulating the presence of free H2O in the lower crust. Firstly, a free saline 
aqueous fluid cannot exist "metastably" in the lower crust, as implied by Gough (1986), 
because it would react with the rocks to form hydrous minerals (Yardley, 1986). 
However, most lower crustal samples (xenoliths or granulites from surface terrains) 
generally have anhydrous mineralogies; amphibolite appears to be an important lower 
crustal rock type only in island arc settings (e.g., Ichinomegata, Japan [Aoki, 1971]; 
Adak Island, Alaska [Conrad and Kay, 1984]). In addition, fluid inclusions in 
granulite xenoliths are CO-rrich; no ^O -rich  fluid inclusions have been reported from
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these rock types. Secondly, H2 O is less dense than CCL> and would rise in the crust 
unless trapped by impermeable rocks at some deep level (Haak and Hutton, 1986). The 
effects of CO2  saturation on the resistivity of rocks is poorly known. Kay and Kay 
(1981) calculated that in order to explain resistivity layers of 10-100 Qm at crustal levels 
of 26 km (~400°C) a solute-bearing CCL> fluid phase would need to have a resistivity of 
0.01 to 0.001 Qm, which they considered very unlikely for a non-polar solvent such as 
C 02.
In light of the general discrepancy between observed mineralogy of lower crustal 
xenoliths and the presence of resistivity anomalies it is interesting that lower crustal 
xenoliths from the Rhenish Massif are not totally anhydrous, as stated by Jodicke et al. 
(1983) and Haak and Hutton (1986). Amphibole occurs in most mafic granulites from 
the Eifel region (situated in the southern part of the Rhenish Massif), which are derived 
from 20-40 km depth in the crust (Okrusch et al., 1979). Stosch and Lugmair (1984) 
found that the presence and abundance of amphibole (up to 40% by volume) correlated 
with the whole rocks' Sr and Nd isotopic compositions. Because the amphibole had 
similar isotopic compositions to that observed in metasomatized mantle peridotite 
xenoliths from the same vent, Stosch and Lugmair (1984) suggested that the amphibole 
was the product of reaction of the originally dry granulites with a mantle derived fluid 
sometime after 125 Ma ago (the age of the last mineral equilibration). The experimental 
data of Lee et al. (1983) suggests that simply the presence of amphibole cannot account 
for the observed low resistivities, however, it is possible that these hydrous phases 
document the passage of aqueous solutions through the lower crust which were 
subsequently trapped at higher crustal levels.
4.3 Heat Flow
Birch et al. (1968) first described the linear relationship between surface heat flow 
(qs) and crustal heat production:
qs = q*+ Asb
where q* = reduced heat flow (mantle heat input), As = heat production of heat 
producing element (HPE)-rich surficial layer and b = thickness of the HPE-rich layer. 
A second empirical relationship discovered by Pollack and Chapman (1977) is that
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within a given heat flow province under a steady state geotherm, the reduced heat flow 
constitutes approximately 60% of the surface heat flow.
These observations allow estimation of the concentrations of HPE within the 
continental crust from the measured heat flow. In particular, the low and uniform heat 
flow in Archean crustal regions (14±2 mW/m“, Morgan, 1984) places important 
constraints on the composition of the Archean crust. For example, if the Archean total 
crust composition were equal to that estimated for the Archean upper crust (Taylor and 
McLennan, 1985), then the resulting crustal heat flow contribution would equal 33 
m W /m r (assuming a 35 km thick crust), about twice the observed value. This 
observation dictates that the concentration of HPE must decrease with depth in the 
Archean crust. However, the exact distribution of the HPE within the crust is a matter 
of considerable debate. Two models most often applied are that: (1) HPE decrease 
exponentially with depth and (2) HPE are concentrated within an upper layer of 
thickness b (step function)(see Morgan, 1984, for a review).
One method of directly determining the distribution of HPE within the crust is to 
measure the HPE contents in exposed crustal cross sections. The results of the 
measured heat production for three Archean cross-sections are summarized in Table 
4.2. The rocks of the Vredefort structure, South Africa, show exponentially decreasing 
Th and U, but constant K with depth (to 14 km, Nicolayson et al., 1981). The 
resulting heat production for this 14 km is 1.41 jiW/nP, which corresponds to a crustal 
component of heat flow of 19.7 mW/m^ if this section accounts for all the HPE in the 
crust (i.e., HPE ~0 below 14 km). Nicolayson et al. (1981) suggest that lower and 
upper limits for the crustal component of heat flow are 29 and 30 mW/m^, respectively. 
Two crustal profiles in the Canadian Shield show contrasting distributions of the HPE. 
Concentrations of the HPE in rocks of the Kapuskasing Structural Zone, Ontario, do 
not correlate with depth, or metamorphic grade, and yield a heat production of < 1.0 
jjmW/m^, which corresponds to < 35 mW/irrt for the crustal component of heat flow 
(Ashwal et al., 1984; Morgan and Ashwal, 1986). The average heat production of the 
high-grade rocks is 0.9 |imW/m^ and the mode is 0.4 |imW/m^. In contrast, the 
concentrations of HPE in the Pikwitonei terrain, Manitoba, decrease with depth. Heat 
production is 0.9 u.W/irH for low grade and 0.32 qW/irC for high grade rocks, which
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corresponds to a crustal contribution to heat flow of 21.6 mW/m" (Fountain and 
Salisbury, 1985; Fountain, 1986).
Table 4.2 Heat Production from Archean crustal cross-sections
Locality Maximum Heat Production 
Depth (km) (jxmW/m^)
As (mW/m-) 
b (km)
Reference
Vredefort
Structure
14 1.41 49 (35 km) 
19 (14 km)
Nicolayson et al., 1981
Kapuskasing
Structural
Zone
20 <1.0 <35 (35 km) Ashwal et al., 1984 
Morgan and Ashwal, 
1985
Pikwitonei 
Crustal 
Cross section
30 0.63 22 (35 km) Fountain and Salisbury, 
1984
Fountain, 1986
All of these profiles yield crustal heat productions and corresponding crustal heat 
flow components which are greater than the 14±2 mW/m“ observed in Archean terrains 
(Morgan, 1984). This discrepancy could be due to two effects: (1) erosion has 
removed the HPE-rich upper crust from most Archean regions, or (2) the rock types 
present in the exposed cross sections represent only the upper portion of the Archean 
crust and are underlain by mafic rocks (i.e., b is equal to the observed crustal cross 
section thicknesses). Morgan (1984) observed that, other than the low heat flow from 
Archean crustal regions, there is no correlation between crustal heat production and 
crustal age. Thus because Proterozoic terrains are likely to be as eroded as Archean 
terrains, erosion cannot account for the low heat flow in Archean regions. Morgan 
suggested this low heat flow is instead due to the well-known compositional difference 
between Archean and post-Archean crusts: the dominance of Na-rich felsics in the 
Archean crust versus the dominance of K-rich felsics in the post-Archean crust.
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The average contents of K, Th and U in low-grade Archean felsic igneous rocks, 
compiled from the available literature, are shown in Fig. 4.1. Very little U data exists; 
however, based upon the average Th contents and an assumed Th/U ratio = 4, the 
average U content should be around 2.5 ppm. The arrows in each diagram point to an 
average composition of Archean felsic igneous rocks from Taylor and McLennan 
(1985). These data illustrate that although Archean felsics are K->0-poor relative to 
post-Archean felsics, there is still significant quantities of HPE in these rock types. 
Granulite facies metamorphism can deplete rocks in HPE. However, unless depletion 
is extreme, as in the Scourian granulites, the amount of HPE in Archean felsic rocks is 
too high for them to constitute appreciable amounts (> 50%) of the lower crust in 
Archean regions (see Chapter 5). Thus the heat flow data and heat production 
measurements for crustal cross sections suggest that the lowermost Archean crust is 
dominated by mafic lithologies.
4.4 Seismic Reflection and Refraction Profiles
Seismic profiling allows delineation of crustal structure and composition. 
Reflection profiles, especially the results of recent consortia (e.g., COCORP, BIRPS, 
LITSAC), define crustal structure on scales as small as 1 km. In contrast, refraction 
profiles provide information on average velocities over many kilometers at variable 
depths in the crust. Thus each technique provides different information about the lower 
crust.
Reflection profiles are characterized by their diversity; some show large thrust 
faults which penetrate the entire crust, others show abrupt terminations of reflectors and 
still others show marked lateral heterogeneities (see Oliver et al., 1983 for a review of 
COCORP findings to 1983 and Gibbs et al., 1984 and Jones, 1985, for the results of 
later profiles). A feature common to nearly all reflection profiles is the presence of 
numerous reflectors in the lower crust. Such reflectors have been attributed to the 
pesence of fluids, layers of contrasting lithologies, intrusion of molten rock, shear 
zones or crustal stretching (Oliver et al., 1983; Kerr, 1984). Only in the rare cases 
when the reflecting horizons are within reach of the surface can the responsible structure 
be determined. Several examples of this are sedimentary layers which extend from near
6
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Figure 4.1 Histogram showing average values of HPE in sub-granulite Archean felsic 
rocks. Arrows point to average Archean felsic composition of Taylor and McLennan 
(1985). Data sources are: Yellowknife (n = 14) Drury (1979), Jenner et. al. (1981); 
Prince Albert (n = 15) Fryer and Jenner (1978); Oxford Lake, Manitoba (n = 11) 
Brooks et al. (1982); Rainy Lake, Ontario (n = 13)(Shirey and Hanson, 1986); 
Minnesota (n = 23) Arth and Hanson (1975); Wyoming (n = 10) Glikson (1979); 
Guyana Shield (n = 37) Dougan (1976); Ancient Gneiss Complex (AGC) (n = 20) 
Hunter et al. (1984); Barberton Mountain Land, Glikson (1976), Condie and Hunter 
(1976); southern India (n = 6) Bhaskar Rao and Drury (1982), Drury (1983); Eastern 
Finland (n = 33) Jahn et al. (1980), Martin et al. (1983); Marda Complex, western 
Australia (n = 8) Taylor and Hallberg (1977); Pilbara, western Australia (n = 31) Jahn 
et al. (1981); Yilgam, West Australia (n = 471) Archibald et al. (1978); Cooper et al. 
(1978); Oversby (1975).
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surface to ~24 km depths in the Ouachita Mountains, Arkansas (Nelson et ah, 1982), 
and a thrust fault which extends from the surface to depths of over 20 km in the Wind 
River Ranges, Wyoming (Smithson et al., 1980). In one example, shallow reflections 
have been shown to be artifacts (Kerr, 1984). However, Jones (1985) has shown that 
deep-seated reflectors are unlikely to be due to shallow sedimentary sequences and 
instead relate to the true structure of the deep crust.
One rather intriguing result from COCORP shows a layered sequence in the deep 
crust beneath the Adirondack highlands which coincides with a low resistivity anomaly 
(Brown et al., 1983). This has been suggested to represent a sedimentary assemblage 
which may have carried water into the deep crust, where it was trapped at an 
impermeable boundary.
In contrast with reflection profiling, seismic refraction profiles yield information 
on the average velocity of crustal rock types but little information on crustal structure. 
Smithson and Brown (1977) suggested that the P-wave velocity of the lower crust in 
most regions ties between 6.5 and 7.0 km/sec and concluded that the lower crust has an 
andesitic bulk composition. A more recent compilation of lower crustal velocities from 
seismic refraction profiles is plotted in Fig. 4.2 (data compiled by Christensen (1982) 
with references to more recent data given in the figure caption). Here the lower crust 
has been defined as that material at depths greater than 20 km with velocities less than 
8.0 km/sec. Some refraction profiles show several crustal layers deeper than 20 km, 
and for very thick crusts, as in the Himalayas or Andes, a depth of 20 km does not 
represent the lower crust. In Fig. 4.2b these shallower crustal velocities are excluded 
and only the Vp for the deepest crustal layer is plotted. In addition, Vp for Archean 
shield areas are delineated. A general feature of most refraction profiles is that crustal 
layers deeper than 30 km tend to have Vp exceeding 7.0 km/sec (Jackson, 1987).
In order to interpret in situ velocities in terms of lithology, P-wave velocities for 
various lower crustal rock types must be determined (Birch, 1960; see Jackson, 1987 
for a recent review). The available ultrasonic experimental data are summarized in Table 
4.3 and shown in Fig. 4.2 at room temperature. Note that these velocities will decrease 
by up to 0.5 km/sec when corrected for in situ lower crustal temperatures (the velocity 
temperature derivative used is -5 x lO’4 km/sec°C, Christensen, 1979). The 1.0 GPa
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Figure 4.2 Histogram of lower crustal Vp's from refraction profiles as compiled by 
Christensen (1982); more recent data is from Drummond (1982), Finlayson (1982), 
Kaila et al. (1979), Luosto and Korhonen (1986) and Srivastava et al. (1984). Also 
shown are 1.0 GPa P-wave velocities for possible lower crustal rock types at room 
temperature (see Table 4.3). A All data for layers deeper than 20 km, keyed to 
locality. B Data for the lowest crustal layer, keyed to crustal age (see text). The peak of 
VD at 7.8 and 7.9 km/sec may represent actu i upper mantle velocities in areas with 
sligtly higher heat flow.
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room temperature Vp ranges are: 6.3-6.8 km/sec for felsic to intermediate granulites, 
5.8-7.7 for paragneisses, 6.5-7.3 for amphibolites or hydrous mafic granulites, 7.0-8.0 
for anhydrous mafic granulites, 6.9-7.3 for anorthosites and > 7.6 for eclogites. The 
very large range in Vp for paragneisses is due to the highly variable mineralogies of 
these rocks, which are a function of both composition and P-T equilibration conditions. 
In particular, A^SiO^ polymorphs have very high Vp (9.7 km/sec for sillimanite, 
Christensen, 1982), so their presence can greatly increase the observed Vp.
It is clear from Fig. 4.2 that the lower crust can exhibit a range of P-wave 
velocities, suggesting that no one rock composition can be considered representative. 
Nevertheless, several generalizations may be drawn. Firstly, there is no "typical" lower 
crustal velocity for Archean shield regions. These are highlighted in Fig. 4.3b and 
range from 6.4 to 7.9 km/sec and include the southern Indian craton (6.5-7.2 km/sec), 
the Baltic shield (7.0-7.5 km/sec), the Pilbara craton (6.35-6.9 km/sec), the Canadian 
shield (6.85 km/sec) and the South African craton (6.7-7.2 km/sec). Note that Vp's > 
6.7 km/sec can be due soley to mafic granulites (corrected for in situ temperatures of 
~500°C). On the basis of this evidence, only the lower crust of the Pilbara craton can 
be dominated by felsic granulites. Curiously, this data is difficult to reconcile with the 
low heat flow: the abundant HPE-rich rocks at the surface require little to no HPE in 
the lower crust, yet the seismic velocities are indicative of felsic lithologies. This may 
suggest that the lower crust in the Pilbara region (i.e., below 15 km depth) is composed 
of felsic rocks which are as depleted in HPE as the Scourian granulites. In other 
cratons, the Vp can be explained by either a mixture of felsic and mafic granulites, mafic 
granulites or metasediments. The second generalization from Fig. 4.3 is that in many 
areas the lower crust has Vp > 7.0 km/sec, particularly below 30 km depth (Jackson, 
1987). Such velocities are indicative of a predominately mafic lower crust and suggest 
that crustal underplating by mantle-derived basaltic magmas may be an important lower 
crust-forming process.
Furlong and Fountain (1986) modeled the physical characteristics of a lower crust 
formed by underplating of basaltic melt compositions and predicted the corresponding 
velocity profiles for a variety of geotherms. Two of these profiles are reproduced in
Table 4.3 Room temperature ultrasonic P-wave velocity measurements for lower 
crustal rock types
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Reference Rock Type Pressure
(GPa)
Measured Vp 
(km/sec)
V
1.0 GPa
Manghnani et al. Felsic to intermediate 1.0 6.5-6.7 6.5-6.7
(1974) granulites
Mafic granulites 7.0-7.3 7.0-7.3
Hydrous mafic granulites 7.1-7.3 7.1-7.3
Anorthosites 6.9-7.1 6.9-7.1
Eclogites 7.9-8.6 7.9-8.6
Fountain (1974) Mafic granulites 1.0 7.3-7.4 7.3-7.4
Christensen and Felsic granulites 1.0 6.5-6.8 6.5-6.8
Fountain (1975) Mafic granulite 7.5 7.5
Hydrous mafic granulites 7.0-7.4 7.0-7.4
Fountain (1976) Granulite facies Paragneiss 1.0 7.0-7.7 7.0-7.7
Hydrous mafic granulites 7.1-7.6 7.1-7.6
Evans(1980) Granulite facies Paragneisses 0.4 5.7-7.4 5.8-7.5
Hydrous mafic granulites 6.6-7.0 6.7-7.1
Padovani et al. Paragneiss 0.6 6.47 6.60
(1982)1 Hydrous mafic granulite 6.73 6.84
Amphibolites 6.8-6.9 6.9-7.1
Eclogite 7.74 8.03
Chroston and Hydrous mafic granulites 1.0 6.5-7.0 6.5-7.0
Evans(1983)
Jackson and Mafic granulite1 0.4 6.72 6.8
Arculus (1984) Mafic granulites 7.5-7.9 7.6-8.0
Paragneiss 7.16 7.26
Eclogite1 7.24 7.34
Eclogites 7.5-7.9 7.6-8.0
Padovani et al. Granulite facies paragneiss 0.6 7.2 7.3
(1986)
Fountain and Meta-tonalite 0.6 6.3-6.5 6.4-6.6
Salisbury (1986) Paragneiss 6.4 6.5
Mafic granulite 7.0-7.4 7.1-7.5
Anorthosite 7.2 7.3
Calculated when not given in reference using a pressure derivative of 0.1 km/secGPa 
(Jackson, 1987). Altered samples.
Fig. 4.3. They noted that mafic rocks which fully re-equilibrate to low temperature 
geotherms will have high Vp (7.8-8.1 km/sec), whereas rocks which equilibrate to high 
temperature geotherms will have lower Vp (7.0-7.8 km/sec), due to both temperature
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effects on velocity and mineralogical changes. In addition, a lack of equilibration of the 
mafic rocks (i.e., the retention of "quench” igneous mineralogies) will cause them to 
have lower Vp's of 6.8-7.8 km/sec in the deep crust.
Ultrasonic P-wave velocity measurements on granulite facies mafic cumulate 
xenoliths from the Chudleigh province complement this theoretical analysis of 
underplating. These xenoliths are well characterized petrographically and chemically 
(mineralogical, geochemical and isotopic compositions of these xenoliths have been 
discussed in Chapter 4) and are well suited to such a study for two reasons: (1) their 
variable mineralogies and constant major element compositions directly reflect the level 
in the crust from which they were derived and (2) their generally large sizes (up to 30 
cm across) allow cutting of three mutually perpendicular cores, in order to test for 
seismic anisotropy. P-wave velocities of six jacketted xenoliths, chosen to span the 
observed mineralogic range, were measured via ultrasonic pulse transmission 
techniques at room temperature and pressures up to 1.0 GPa (see Jackson and Arculus, 
1984, for experimental details); the results are summarized in Table 4.4. Note that the 
kelyphitization of garnet, which is a product of rapid decompression of the xenolith, 
lowers the density and Vp of garnet-bearing xenoliths considerably. However, such 
effects can be corrected for by assuming a difference in p and Vp of 1.0 g/cm^ and 2.3 
km/sec, respectively, between garnet (p = 3.73 g/cm3 and Vp = 8.8 km/sec for 
Py6 Q-Al2 7-Gr i3  composition) and kelyphite (approximated by p and Vp of high A1 
lunar glass, Anderson et al., 1970). This can be multiplied by the modal proportion of 
kelyphite and added to the observed density and velocity values. Such corrected values 
are given in Table 4.4.
The velocity-depth profile inferred from these xenoliths is plotted on Fig. 4.3 
along with the predicted profiles of Furlong and Fountain (1986) for basaltically 
underplated lower crust at similar heat flow conditions. Two features stand out on this 
diagram. First, the observed range in velocities for the Chudleigh xenoliths, from 6.9 
to 8.0 km/sec, is much greater than predicted for a magmatically underplated lower crust 
of a single composition (Furlong and Fountain, 1986), and the lowermost velocities of 
the Chudleigh xenoliths are lower than the predicted velocities of Furlong and Fountain 
(1986) by up to 0.4 km/sec.
The steep velocity gradient measured for the Chudleigh xenoliths reflect the bulk 
rock compositions and equilibration conditions of these xenoliths. The aluminous bulk 
rock composition results in the presence of abundant plagioclase at shallow depths. This 
plagioclase is progressively consumed during re-equilibration of the mafic cumulates 
with depth, i.e., at shallow levels plagioclase+olivine = 2 Px + spinel, at deeper levels 
plagioclase + spinel = garnet, thus resulting in increasing seismic velocities with depth. 
In addition, the abundance of coronal textures in these samples attest to their partial 
re-equilibration to a geotherm from their igneous precursors. Thus the shallowest 
samples have nearly "quench" mineralogies whereas the deepest samples are nearly 
fully recrystallized to garnet granulites.
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Table 2. Results of ultrasonic measurements performed at 1.0 GPa and 
room temperature. Samples listed in order of increasing derivation depth.
Sample (core) P ,  
(g /cn f)
pf
(g/cm-’) (km/7 Fee)
Vp (km/sec) 
corrected for kelyphite”
83-107 (1) 2.83 6.78
(2) 2.83 — 6.74 —
(3) 2.91 — 6.92 —
mean 2.85 — 6.86
83-127 (1) 2.94 —
(2) 2.95 — (7.1) —
(3) 2.95 — 6.85 —
mean 2.95
83-114(1) 2.94 3.15
(2) 2.92 3.13 6.89 7.35
(3) 2.92 3.13 6.85 7.31
mean 2.93 3.14 6.87 7.33
83-125 (1) 2.97 3.33 7.00 7.80
(2) 2.95 3.31 7.04 7.80
(3) 2.95 3.31 7.06 7.86
mean 2.96 3.32 7.03 7.83
83-117(1) 3.04 3.51 6.82 7.88
(2) 2.92 3.39 6.83 7.89
(3) 2.98 3.45 6.86 7.94
mean 2.98 3.45 6.84 7.90
BC (1) 2.99 3.31 7.26 7.97
(2) 3.02 3.34 (7.2) (7.9)
(3) 3.05 3.37 (7.4) (8.1)
mean 3.02 3.34 (7.3) (8.0)
’ see text for description of correction procedure. Vp's in parentheses were 
extrapolated to 1.0 GPa from 0.8 GPa.
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The lower velocities of the Chudleigh xenoliths compared to those predicted by 
Furlong and Fountain (1986) is the result of compositional differences between the 
Chudleigh xenoliths, which are plagioclase-rich cumulates, and the basaltic melt 
compositions used by Furlong and Fountain (1986). These data therefore predict that 
plagioclase-rich cumulates, which may be an important lower crustal rock type, will 
have lower Vp at shallower crustal levels than underplated basaltic rocks.
Vp (km/sec)
6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0
_  Chudleigh 
Xenoliths Furlong and Fountain
M odell
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Quench
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Figure 4.3 Velocity-depth profiles for magmatically underplated lower crust. The two 
profiles from Furlong and Fountain (1986) represent quench and equilibrium mineral 
assemblages for an olivine tholeiite composition, both for heat flow of 90 mW/m . The 
other two profiles are ultrasonic data for the Chudleigh granulite xenoliths plotted at 
inferred derivation depths. Model one is Vp data corrected for temperature according to 
a steady state geotherm at an observed heat flow of 90 mW/m“. Model two collects Vp 
data for temperature using the convective heating geotherm of O'Reilly and Griffin 
(1984).
4.5 Conclusions
Field-based geophysical surveys and laboratory investigations into the physical 
properties of lower crustal rocks types provide important constraints on volatile content, 
composition and structure of the present-day lower crust. Low resistivity anomalies at 
deep crustal levels are best explained by the presence of saline pore fluid. The
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restrictions of these anomalies in lateral extent and depth suggest that the fluid may 
represent only a thin layer within the crust and may be associated with thrust faults. 
This restricted areal extent may explain the conflicting observations of "dry" lower 
crustal rocks types found in granulite terrains and most lower crustal xenoliths and the 
need for in situ saline fluids. It is particularly intriguing that xenoliths from the Rhenish 
Massif, West Germany, where a resistivity anomaly has been well documented, contain 
up to 40% amphibole.
Geophysical studies are particularly important in delineating the nature of the 
present day lower crust in Archean regions, as few xenoliths have been reported in 
these areas. The low and uniform heat flow in Archean shields, coupled with relatively 
high Vp in some areas suggest the dominance of mafic lithologies in the deep crust. 
However, in the Pilbara craton the heat flow and seismic refraction data are difficult to 
reconcile and may indicate a very HPE-depleted felsic lower crust.
Basaltic underplating of the lower crust may result in very large velocity gradients 
in the deep crust if plagioclase-rich compositions are important rock types. The 
observed range of Vp for mafic granulite xenoliths from north Queensland is 6.9 to 8.0 
km/sec at room temperature, which corresponds to 6.6 to 7.6 km/sec at inferred deep 
crustal temperatures. Such a wide Vp range reflects the formation of garnet at the 
expense of plagioclase and the change from quench-like mineralogies at shallower 
crustal levels to equilibrium mineral assemblages at deep crustal levels.
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CHAPTER 5. AN OVERVIEW OF LOWER CRUSTAL PROCESSES
5.1 Introduction
Delineation of the important processes by which the lower crust is created and 
modified allows predictions to be made regarding its bulk composition. As discussed in 
previous chapters, heat flow observations require the lower crust to contain low levels 
of HPE. Such a crust may consist of two unique rock types: (1) supracrustal 
lithologies which have been depleted in large ion lithophile elements (LILE) by 
high-grade metamorphism, and/or (2) mafic rocks, which may or may not have suffered 
LILE depletion relative to their original igneous compositions. In this chapter I will 
review the nature of LILE depletions in granulite facies rocks and highlight the 
important parameters controlling the degree of depletion. Secondly, mafic rocks in the 
deep crust may form by two processes: (1) intrusion of mafic, mantle-derived melts or 
crystal cumulates therefrom, or (2) extraction of partial melt from more compositionally 
evolved protoliths, leaving mafic residua in the lower crust. These two mafic rock 
types are predicted to have similar chemical characteristics and may consequently be 
difficult to distinguish from one another. I shall therefore discuss criteria for such 
distinctions.
5.2 LILE-depletions in Granulites
Early geochemical work on granulite terrains showed that these rocks can be 
severely depleted in the LILE (i.e., K, Rb, Cs), as well as the high-field strength 
elements Th and U, relative to unmetamorphosed rock types (Heier and Adams, 1965; 
Sighinolfi, 1969, 1971; Heier and Thorensen, 1971 and Heier, 1973)(throughout the 
remainder I will use the term LILE to encompass Th and U as well). Consequently, 
such depletion had been assumed for all rocks which have been metamorphosed to the 
granulite facies. However, subsequent studies have shown that not all granulites are 
depleted (Gray, 1977; Barbey and Cuney, 1982; Sighinolfi et al., 1981; Iyer et al., 
1984), and several terrains may have even experienced LILE-enrichment prior to 
metamorphism (Weaver, 1980; Janardhan et al., 1983; Weaver and Tamey, 1983).
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Two processes are usually invoked to explain LILE depletion in rocks from 
granulite facies terrains: (1) removal of a partial melt and associated fluids (e.g., 
Sighinolfi, 1971; Fyfe, 1973) or (2) fluxing of fluids through granulites during 
metamorphism without substantial partial melt removal (e.g., Tamey and Windley, 
1977; Weaver and Tamey, 1980, 1981, 1983; Newton et al., 1980). Experimental 
phase stability studies indicate partial melting occurs through fluid-present or 
dehydration partial melting reactions in intermediate-felsic rocks under granulite facies 
conditions (Wyllie, 1977; Thompson, 1982; Powell, 1983; Bohlen et al., 1983). 
Evidence for partial melting is pervasive in many granulite facies terrains (section 4, 
Atherton and Gribble, 1983). However, the partial melts are commonly still contained 
within the granulite outcrop and there is little evidence to suggest that large scale melt 
extraction has occurred (Carl, 1981; Olsen, 1983; Waters and Whales, 1984). In 
addition, most granulite facies terrains do not have the chemical characteristics indicative 
of restites, such as a negative correlation between SiO^ contents and the presence of 
positive Eu anomalies (Weaver and Tamey, 1981). Thus, most geochemical studies of 
granulite terrains conclude that the variable LILE depletion in these rocks is due to 
dehydration reactions coupled with fluid fluxing, rather than removal of a partial melt 
(Tamey and Windley, 1977; Weaver and Tamey, 1981; Newton et al. 1980, Rudnick et 
al., 1985).
Documentation of LILE depletions due to metamorphism in granulite xenoliths is 
more difficult because, due to the lack of field relations and relict textures, the 
petrogeneses of xenoliths are not always obvious. Geochemical studies have shown 
that many mafic xenoliths are cumulates in which LILE depletions occur due to igneous 
rather than metamorphic processes, with the degree of depletion dependent upon the 
proportion and composition of interstitial melt (Rogers and Hawkesworth, 1982; 
Rudnick et al., 1986; Van Calsteren et al., 1986; Rudnick and Taylor, 1987b). 
Therefore, discussion of LILE depletions in xenoliths must be restricted to samples 
which appear to be high-grade equivalents of common non-cumulate igneous and 
sedimentary rock types.
One method of evaluating LILE depletions in granulites is to examine plots of 
LILE elements, and in particular examine how LILE/LILE ratios change as a function of
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absolute concentration. Such plots are presented in Figs. 5.1-5.3. Data sources are 
given in Table 1 of Rudnick et al. (1985; Appendix 3), with any additional references 
given in the Figure captions.
5.2.1 K, Rb and Cs
Figure 5.1 shows Rb versus K for intermediate to felsic granulites derived from 
both igneous and sedimentary protoliths. A very clear trend emerges from this plot: 
except for the Scourian granulites, K/Rb ratios in granulites with > 1.5 wt. % K are 
indistinguishable from K/Rb ratios of common igneous and sedimentary rocks with 
similar K contents (i.e., K/Rb lies between 120 and 500 [see Rudnick et al., 1985, for a 
discussion of K/Rb ratios in igneous and sedimentary rocks]). Below 1.5% K, the 
K/Rb ratios of the granulites rise steeply and correlate negatively with K content. At the 
lowest K concentrations K/Rb ratios range up to 5000. There is no apparent difference 
in K/Rb ratios between Archean and post-Archean granulites (compare 5.1a and 5.1b), 
except that most post-Archean intermediate to felsic granulites have higher K contents, 
hence generally have lower K/Rb ratios. As discussed in previous chapters, this change 
from low- to high-K granitoids is a prominent feature of the Archean-post Archean 
boundary. Although mafic granulites have been omitted from these plots, they follow 
the same trend defined by the intermediate-felsic granulites and range to lower K 
contents (cf. Fig. 1 of Rudnick et al., 1985).
The Scourian granulites appear to be more depleted in Rb than most other 
granulites, particularly at high K contents. Thus they plot well to the left of the main 
body of data at K concentrations > 1.5%. At lower K contents, the Scourian granulites 
have quite high K/Rb ratios, but they do overlap with data from other granulites, 
particularly those of the Qianxi granulites, China, and Enderby Land granulites, 
Antarctica. A recent study by Fowler (1986) on hornblende granulites from Gruinard 
Bay, within the Lewisian complex, showed that rocks which are otherwise chemically 
identical to the Scourian granulites but at a lower metamorphic grade, have distinctly 
lower K/Rb ratios at similar K contents. These data suggest that the protoliths of the 
Scourian gneisses had low K contents and that metamorphic effects are restricted to Rb 
(and Th-U) depletion. Note that a comparison of K and La (a presumed immobile
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Figure 5.1 Rb versus K for granulites. (A) Archean granulite terrains. Additional data 
not listed in Table 1 of Rudnick et al. (1985) is from Janardhan et al. (1982); Taylor et 
al. (1986); Fowler (1986); Condie et al. (1986). (B) Post-Archean granulite terrains. 
Additional data from Barbey et al. (1986). (C) Granulite facies xenoliths. Data 
sources: Leyreloup et al. (1977); Wilkinson and Taylor (1982); Rudnick et al. (1986); 
Stosch et al. (1986); Rudnick and Taylor (1987b).
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element) concentrations for granulites and igneous rocks shows no significant 
differences (Fig. 4 of Rudnick et al., 1985), suggesting that little K depletion occurs 
during granulite facies metamorphism.
K and Rb concentrations of lower crustal xenoliths are shown in Fig. 5.1c 
(xenoliths carried by kimberlites are omitted from this plot, due to possible 
contamination from the host [Rogers and Hawkesworth, 1982; Rudnick and Taylor, 
1987b]). The data follow a trend similar to that of granulite terrains, although for the 
limited data available, K/Rb ratios do not become extreme until very low K 
concentrations are reached. As mentioned previously, most lower crustal xenoliths are 
mafic and many of these originated as cumulates. Thus, the low concentrations of K 
and Rb and high K/Rb ratios in many samples (especially the Chudleigh and Boomi 
Creek data) may be due to igneous rather than metamorphic processes. However, 
several McBride and Eifel xenoliths have characteristics of basaltic melts, and these 
samples have very high K/Rb ratios, suggesting they have experienced Rb depletion 
during metamorphism.
Fewer data are available for Cs concentrations in granulites. Fig. 5.2a shows the 
data for granulite terrains, with different localities designated; Fig. 5.2b shows the data 
for lower crustal xenoliths in comparison with the granulite terrain data. Because of the 
very low Cs concentrations in granulite xenoliths, Cs values are particularly susceptible 
to change through any amount of contamination from the host basalt. As with the Rb 
versus K plot, xenoliths carried in kimberlites have been excluded from this diagram. 
However, other data, in particular the Boomi Creek data, may reflect some degree of 
host contamination.
The Cs data show quite wide scatter, nevertheless two important features should 
be noted: (1) Cs data for granulite terrains is only available for samples having Rb > 20 
ppm (which would correspond to K contents > 0.5 %)  and these rocks have Rb/Cs 
ratios ranging from 10 to 3000, but most are above 100. This ratio is high relative to 
the upper crust (~20) and most common igneous rock types (McDonough et al., 1987), 
suggesting Cs depletion relative to Rb in these rocks. (2) Granulite xenoliths generally 
have low Rb contents and low Rb/Cs ratios, between 10-30, suggesting that these rocks 
have experienced little fractionation of Rb from Cs.
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Figure 5.2 Cs versus Rb for granulites. (A) All data for granulite facies terrains. WGT 
= Western Gneiss Terrain, Yilgam Block. Data sources are: Heier and Brunfeldt 
(1970); Condie et al. (1986); Sighinolfi et al. (1981); McCulloch et al. (1987); Taylor et 
al. (1986). (B) Data for granulite facies terrains (GFT's) compared with that for lower 
crustal xenoliths. Data sources are Dupuy et al. (1979); W ilkinson and Taylor 
(unpublished, data); Arculus et al. (unpubl. data); Rudnick et al. (1986); Rudnick and 
Taylor (1987b).
The marked difference in Rb and Cs contents and Rb/Cs ratios between granulites 
which occur as terrains and those which occur as xenoliths is due to the inherent
differences in bulk rock composition between these two suites of rocks. It does not 
imply that different processes were operating on the different rock suites. This is 
supported by several observations: (1) two low Rb granulites from the Western Gneiss 
terrain, western Australia, which are quartz-rich metasediments, have low Rb/Cs ratios. 
(2) One felsic granulite xenolith from the McBride volcanic province and several 
metasedimentary granulites from the Massif Central plot well within the field defined by 
the granulite terrains. (3) Padovani et al. (1986) state that K/Rb ratios in granulite facies 
paragneiss xenoliths from Kilboume Hole Maar, New Mexico, are near normal, 
whereas Cs is severely depleted relative to K. From these data, one can predict the Cs 
abundances in most granulites, given the Rb content. For example, the Rb-depieted 
Scourian granulites should have Rb/Cs ratios which are relatively low (near 30).
The trends which emerge from the forgoing plots can be understood in terms of the 
mineralogical reactions which occur during granulite facies metamorphism. In all cases, 
a fluid phase is required (either H2 O or CO2 ) to transport LILE out of the rocks. The 
important mineralogical reactions associated with granulite facies metamorphism have 
been documented by Bohlen et al. (1983). They found that under high activity of CO2  
(XH2 o = 0*3), phlogopite -1- quartz undergoes dehydration to enstatite + sanidine + 
vapor. In contrast, K-feldspar is stable throughout granulite facies metamorphism.
Ratios of partition coefficients (i.e., KD^ y = K ^ycrystal/Kx^ yfluid, where x and y 
are the elements of interest) can be used to evaluate the relative partitioning behavior of 
K, Rb and Cs between minerals and fluids. For example, the higher the Kq*^*5 values, 
the greater the affinity of the mineral for K over Rb relative to the fluid phase. Only a 
few mineral-fluid partitioning studies are available, but generally the results of these 
studies mimic those found for crystal-melt partitioning. K p ^ k  between sanidine and 
an aqueous chloride solution ranges between 2.2 to 5.9 (Beswick, 1973) and Kdkd 
between K-feldspar and saline aqueous fluids is close to, but below one (~0.8 Carron 
and Lagache [1980]). These data suggest that in high-K granulites, where most of the 
K will be incorporated into K-feldspar, exchange between K-feldspar and an aqueous 
fluid will cause slight Rb depletion relative to K. However, because K-feldspar is 
stable throughout granulite facies metamorphism, large fractionation of K from Rb
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should not occur.
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In contrast, the presence of biotite has the potential of greatly changing the K/Rb 
ratios of granulites. KDK^ Rb for phlogopite-fluid is 0.78 to 1.56 (Beswick, 1973), 
which is significantly lower than that for K-feldspar (2.2 to 5.9). Simple exchange 
between biotite and a fluid phase should not significantly alter the K/Rb ratio. 
However, once the dehydration reaction occurs, the K/Rb ratio should increase 
substantially because the K-feldspar product cannot accommodate all the Rb contained 
in the reactant biotite. Thus significant Rb will be lost to a vapor phase. Therefore, 
K/Rb fractionation is likely to be greatest in intermediate to mafic rocks where biotite is 
an important K-bearing phase; this may explain the very high K/Rb ratios in granulites 
with K contents <1.5% (Fig. 5.1).
The KdCs between K-feldspar and saline aqueous fluid is up to an order of 
magnitude lower than that of Rb ( KDCs = 0.005-0.04, Carron and Lagache, 1980); 
thus exchange between K-feldspar and fluid will greatly increase the Rb/Cs ratio of the 
solid. This explains the very high Rb/Cs ratios in granulites with Rb > 20 ppm, in 
which K-feldspar may be the important K-bearing phase. In granulites with very low K 
concentrations (i.e., < 0.5 % K), much of the K may be incorporated into plagioclase 
feldspar. There are no plagioclase-fluid partitioning studies for Rb and Cs, but igneous 
K d values provide clues to the relative compatiblities of these elements. 
Plagioclase-melt KD's for Rb range between 0.01-0.19 and those for Cs are between 
0.01 and 0.16, in mafic through felsic magma compositions (Nagasawa and Schnetzler, 
1971; Hart and Brooks, 1974; Schock, 1977; Villemant et al., 1981; Crecraft et al., 
1981). Thus Rb and Cs are equally incompatible in plagioclase (similar KD's apply for 
pyroxenes and garnets) so that granulites in which nearly all the K is contained within 
plagioclase would be expected to have low Rb/Cs ratios and low overall concentrations, 
thus explaining the Rb/Cs ratios in low Rb granulites (Fig. 5.2). The affinity of both 
Rb and Cs for biotite suggests that if biotite is stable during metamorphism, then Rb 
and Cs should not be depleted and K/Rb and Rb/Cs ratios should be near normal. Such 
may be the case for the biotite-rich paragneisses from the Kapuskasing Structural Zone 
and the Limpopo Belt (Fig. 5.2a, Taylor et al., 1986).
In summary, the relative abundances of K, Rb and Cs in granulites are strongly 
dependent upon the presence of K-feldspar and biotite. Rocks with originally high
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KoO contents will hold most of these elements in K-feldspar, which is stable 
throughout granulite facies metamorphism. Exchange between K-feldspar and a fluid 
phase results in severe depletion of Cs, but only moderate depletion of Rb relative to K. 
In more mafic rocks, the majority of the KoO may have originally been contained within 
biotite. Dehydration breakdown reactions of biotite to produce K-feldspar will result in 
the liberation of much Rb and Cs to a fluid phase. Rocks which have very low K2O 
contents with all K contained in plagioclase will lose nearly all Rb and Cs through 
exchange with a fluid, creating very high K/Rb and K/Cs ratios, but relatively low 
Rb/Cs ratios. Although difficult to evaluate, there is no evidence to suggest that K is
lost during granulite facies metamorphism.
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5.22 Th and U
Th-U variations in granulite facies terrains and lower crustal xenoliths are shown 
in Fig. 5.2. Many granulites from terrains have high Th/U ratios and there is a general 
trend of decreasing Th/U ratio with decreasing concentration. Th/U ratios for igneous 
rocks range from < 1 to 7, with most in the range of 3.5 to 4.0 (Rogers and Adams, 
1978). Sediments can have Th/U ratios ranging from 2 to 10, but most shales have 
Th/U = 4-6 (McLennan and Taylor, 1980). Thus granulites having Th/U > 10 have 
suffered U depletion relative to Th. To evaluate Th depletions it is best to compare it to 
a presumed immobile element. Fig. 5.4 shows La/Th ratios plotted against Th/U ratios. 
Granulites with low Th/U ratios (< 2) represent some of the most depleted rocks, as 
evidenced by their high La/Th ratios. Very few granulites plot within the field of 
igneous rocks on this diagram. This suggests that all granulites have experienced U 
depletion, resulting in high Th/U ratios, and some have also experienced significant Th 
depletion, resulting in low Th/U ratios and high La/Th ratios.
There is a notable lack of Th and U data for Scourian granulites. Moorbath et al. 
(1969) found that U contents are all below 0.3 ppm in Scourian granulites. Lewisian 
hornblende-granulites from Gruinard Bay are severely depleted in Th and U (Fig. 5.3) 
but range to concentrations slightly higher than those of Scourian granulites (Fowler, 
1986). Thus, as with Rb concentrations, the Scourian granulites are the most depleted 
granulite terrain yet documented in terms of Th and U depletion.
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Figure 5.3 U versus Th for granulites. (A) Archean granulite facies terrains. (B) 
Post-Archean granulite facies terrains. (C) Lower crustal xenoliths. Data sources as in 
Fig. 5.1.
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Figure 5.4 La/Th versus Th/U ratios for meta-igneous granulites. Box at left 
represents field of common igneous rocks (excluding MORB, which have La/Th >10). 
The negative correlation is simply a function of Th being plotted on both axes. Arrows 
point in direction igneous rocks will move if they are depleted in U or both Th and U.
No mineral-fluid partitioning data exists for Th and U, but crystal-melt KD's for 
the major rock-forming minerals are generally very low (< 0.10, Nagasawa and Wakita, 
1968; Dostal and Capedri, 1975; Dostal et al., 1976). Exceptions to this are KD's for 
ferromagnesian minerals in equilibrium with high silica rhyolites and dacites: biotite has 
KDTh = KDU = 0.2 to 1.2, pyroxenes have KDTh = 0.4 - 7.8 and KDU = 0.1 - 1.0, 
with KDTh/^  = 2-30 and ilmenite has KD’s for Th and U of 0.4 - 7.3 and 0.06-3.1, 
respectively, with KDTh/^  = 3-7 (Schock, 1977; Crecraft et al., 1981; Mahood and 
Hildreth, 1983). However, these high KD values may be more a consequence of the 
melt structure rather than the affinity of Th and U for lattice sites within these minerals. 
Thus such Kd’s are not necessarily analogues for mineral-fluid partitioning. A more 
accurate measure of the control of accessory phases on granulite Th-U contents may lie 
in the concentrations of Th and U in common accessory minerals, shown in Table 5.1. 
Of these, all but sphene and allanite are likely to be preserved during granulite facies 
metamorphism.
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Table 5.1 Th and U abundances of accessory phases
Mineral U Th Th/U S table in References
(formula) (ppm) (ppm) gran, facies
Allanite
(Ca,Ce)2FeA120
0H[Si20 7][Si04]
10-200 950-5,900 23-38 No? 2,3
Apatite
Ca5(P04)3(0H,F,Cl)
10-120 10-125 2-4 Yes 2,3
Monazite 140-1,960* 1,780-8,000* 1-26 Yes 1
(Ce,La,Th)P04 1,000-6,000 1,300-6,000 2
Rutile 5-65 50-1,000 ? Yes 2, 6,7
Ti02
Sphene
CaTiSi04(0,0H,F)
<25-500 <25-1,000 0.1-6 No" 2 ,3
Zircon <10-3,500* <10-1,600* 0.06-6.3 Yes 4, 5
ZrSi04 300-5,500 200-7,000 0.7 2,3
* Minerals within granulites. Key to references 1: Taylor et al. (1986); 2: Sawka and 
Chappell (1986); 3: Sawka and Chappell (1987); 4: Black et al. (1986); 5: Rudnick 
and Williams (1987); 6: Ludwig and Cooper (1984); 7: Schärer et al. (1986).
' Only stable under hydrous conditions (Heilman and Green, 1979).
Studies of the location of U in metamorphic rocks show that U resides primarily in 
cracks and on grain boundaries at low metamorphic grades but is contained primarily in 
accessory phases in granulite facies rocks (Dostal and Capedri, 1978; Ahmad and 
Wilson, 1981). Comparable studies for Th are not available. These data suggest that 
the correlation between Th/U ratios and Th contents of granulites may be explained in 
one of two ways: (1) Th is preferred over U in accessory phases found in high silica 
igneous rocks, and exchange with a fluid depletes U but not Th in these rocks. In 
contrast, such phases are not present in low silica (low Th) rocks and Th and U are 
equally depleted due to exchange with a fluid; or (2) Th does not partition into crystal 
lattice sites and, like U, is concentrated on grain boundaries in low grade metamorphic 
rocks. However U may be preferentially carried by the metamorphic fluids if it is in its 
oxidized form (U^+). Estimates of fCU during granulite facies metamorphism suggest 
that conditions are reduced (Lamb and Valley, 1984), but these phase-based estimates 
may be measuring the f0 2  during the last metamorphic stages, and, particularly if an 
H->0 fluid is removed, fC>2 may have decreased because of metamorphism. However, 
this process does not account for the correlation between Th/U ratios and Th contents.
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Accessory phase control of Th and U in granulites may explain the whole rock 
Th/U ratios which are observed in depleted rocks. For example, if zircon and apatite 
are the only accessory phases present, the rock will have low Th and U concentrations 
and a low Th/U ratio, like many of the Lewisian granulites (Pride and Muecke, 1980; 
Fowler, 1986). However, if a phase such as monazite is present, whole rock Th and U 
concentrations and Th/U ratios would be higher, such as in the monazite-bearing 
granulites from the Western Gneiss Terrain of the Yilgam Block (Taylor, et al., 1986).
In general, granulite xenoliths have similar Th-U abundance patterns as granulite 
facies terrains, albeit at lower concentrations (Fig. 5.3c). Th/U ratios average about 
4.0, but range from < 1 to > 10. Examination of La/Th ratios for non-cumulate 
meta-igneous xenoliths shows that Th is depleted in most samples (Fig. 5.4).
Recent studies of accessory phase stabilities have suggested that the insolubility of 
certain accessory phases in granitic liquids may lead to higher than expected abundances 
of Th and U in the residual deep crust (Harrison and Watson, 1983, 1984; Watson and 
Harrison, 1984). In light of these studies it is interesting that of the phases listed in 
Table 5.1, only zircon, apatite and rutile are commonly reported to occur in lower 
crustal xenoliths, even samples which are interpreted as restites (Rudnick and Taylor, 
1987b; monazite has been reported from one xenolith [Halliday et al., 1984]). 
Observations on lower crustal xenoliths also suggest that simply the presence of 
abundant accessories is not enough to cause substantial enrichments of HPE in the deep 
crust. One xenolith from the McBride volcanic province, interpreted as either a 
cumulate or restite in equilibrium with a felsic melt, has extremely high zircon content 
(1600 ppm Zr) but has only 0.5 and 0.6 ppm Th and U, respectively. Thus depletion 
of Th and U occurs even in the presence of accessory phases and stability of these 
phases in the lower crust may not imply high HPE contents there.
In summary, U depletion is a ubiquitous feature of granulite facies rocks, and is 
reflected by high Th/U ratios in rocks in which Th has not been depleted. Th depletion 
may be assessed by comparison of Th/U ratios with La/Th ratios and is observed in 
nearly half the analyzed granulites. The correlation between Th/U ratios and Th content 
may be due to accessory phase control; low Th/U ratios in very depleted granulites may
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reflect retention in apatite and zircon, whereas high Th/U ratios and higher Th contents 
may reflect the influence of high Th/U accessories found in more siliceous rocks.
5.3 Crvstal-Melt Equilibria
In contrast with mafic rocks from granulite facies terrains, most analyses of mafic 
granulite xenoliths yield compositions which are distinct from melt compositions 
(Wilkinson and Taylor, 1980; Rogers and Hawkesworth, 1982; Rudnick et al., 1986; 
Arculus et al., 1987; Rudnick and Taylor, 1987b). The chemistries of these rocks are 
often interpreted in terms of enrichment of particular phases in an open system, either 
through crystal accumulation (Wilkinson and Taylor, 1980; Rogers and Hawkesworth, 
1982; Rudnick et al., 1986; Arculus et al., 1987) or partial melt extraction (Rudnick and 
Taylor, 1987b). However, both processes may yield similar compositions and in the 
absence of relict textures, these two petrogeneses may be difficult to discriminate. 
Accordingly, a general review of possible distinguishing criteria is given here.
The relative variations observed in compatible versus incompatible trace elements 
were utilized by Frey and Prinz (1978) to test the restite versus cumulate origin of 
mantle xenoliths. At low degrees of partial melting (i.e., F < 30, where F = proportion 
of melt) the concentrations of incompatible trace elements in the residue will vary 
widely, whereas compatible trace element concentrations will remain relatively fixed. In 
contrast, small amounts of crystal accumulation (F > 70) will cause major variations in 
the concentrations of compatible trace elements in cumulates, but little variation in 
incompatible trace elements, which should remain uniformly low. Rogers and 
Hawkesworth (1982) suggested that large variability in Sr concentrations and low 
variability in Rb and Nd concentrations were evidence of a cumulate origin for mafic 
granulite xenoliths from Lesotho. Similar arguments regarding variations in Cr, Ni, La, 
U, Th, K and Rb concentrations were used by Rudnick et al. (1986) as evidence for a 
cumulate origin for Chudleigh province lower crustal xenoliths.
If a genetic link can be established amongst xenoliths using trace element criteria, 
then their isotopic compositions may help distinguish cumulates from restates. For 
example, equilibration between melt and restite phases during partial melting should 
homogenize the isotopic composition of the residue, causing all xenoliths from a restite
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suite to have identical initial isotopic ratios (all these xenoliths should plot on an 
isochron). Such a xenolith suite has yet to be described. On the other hand, cumulates 
will take on the isotopic composition of the melt from which they crystallize. This 
composition may or may not change, depending upon whether assimilation of country 
rock occurs during crystallization. Thus, variability of initial isotopic ratios within a 
genetically related xenolith suite may be the result of crystal fractionation from an 
evolving melt composition, as in the Chudleigh province xenoliths, north Queensland 
(Rudnick et al., 1986). A lack of variability in initial isotopic ratios would be expected 
for a restite suite or a cumulate suite in which little assimilation occurred to the parental 
melt, such as the Lesotho xenoliths (Rogers and Hawkesworth, 1982).
In practice, it is very difficult to establish genetic links between xenoliths and one 
is often confronted with xenoliths of varied compositions, with little evidence of a 
common origin (e.g., Arculus et al., 1987; Rudnick and Taylor, 1987b). However, 
comparison of the chemistries of single xenoliths with phase petrology may allow 
distinction between a cumulate and restite origin. For example, if the chemistry of a 
xenolith points to the influence of a particular phase during its evolution, then the 
position of this phase in relationship to the solidus and liquidus boundaries of the 
corresponding melt can be used to infer the xenolith's origin. One McBride province 
xenolith (85-114) has a positive Eu anomaly and enriched HREE suggesting the 
presence of plagioclase and garnet in equilibrium with a melt phase (see Chapter 3). As 
garnet is a near-solidus phase in intermediate to mafic melts (Green, 1982), the 
inference of garnet-melt equilibria suggests a residual origin for this sample. Similarly, 
McBride xenoliths with characteristics indicative of the presence of clinopyroxene in 
equilibrium with a melt (i.e., high CaO and Cr and LREE-depeleted REE patterns, 
samples 83-158 and 85-106; Chapter 3) would probably represent cumulates rather than 
restites because clinopyroxene is the liquidus phase for basalts and andesites (Green, 
1982).
Finally, in the absence of genetic links and the influence of diagnostic phase 
equilibria, the integration of petrographic, geochemical and geochronologic data for a 
given mafic xenolith can be useful in interpreting its petrogenesis. Two zircon-bearing 
mafic xenoliths from the McBride province have LREE-enriched REE patterns with
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positive Eu anomalies (83-159 and 85-107). Zircons from both xenoliths- contain 
inclusions of silicate melt. In one sample (83-159), the melt inclusions are 
recrystallized and have an approximate intermediate composition. The U-Pb ages for 
these zircons record two ages: an original Proterozoic crystallization age and a late 
Paleozoic metamorphic age (see Chapter 3). Thus, the best petrogenetic model for this 
xenolith is crystallization of an intermediate melt during the Proterozoic and subsequent 
high-grade metamorphism and partial melt extraction in the late Paleozoic, leaving a 
mafic residue. The melt inclusions within zircons from the second sample (85-107) are 
not recrystallized and have the composition of a granitic melt. There is no difference in 
the ages of zircons with or without melt inclusions (both are late Paleozoic), suggesting 
that this xenolith represents a mafic cumulate from a granitic melt rather than a restite.
5.4 Conclusions
Two processes may be responsible for the depletion of HPE in the lower crust: (1) 
exchange between granulites and a fluid phase which is removed from the system and 
(2) dominance of mafic rock compositions in the lower crust, which form either by 
intrusion of mantle-derived melts or by partial melt extraction.
Granulites are generally depleted in Cs and U. However, depletion in Rb and Th 
is variable and there is no firm evidence for K depletion in granulites. The K/Rb, 
Rb/Cs and Th/U ratios of granulites are controlled by their mineralogy, hence bulk 
composition. High KoO protoliths will have large amounts of K-feldspar, which is 
stable throughout granulite facies metamorphism. Exchange between K-feldspar and a 
fluid phase will cause slight depletion in Rb but severe depletion in Cs, leading to 
slightly elevated K/Rb ratios and extreme Rb/Cs ratios. Moderate K->0 protoliths may 
have a significant proportion of their K in biotite, which breaks down to K-feldspar 
during granulite facies metamorphism causing loss of Rb and Cs to a fluid phase and 
results in high K/Rb ratios and moderate to high Rb/Cs ratios. Protoliths with low K 
contents, where most of the K is contained within plagioclase feldspar, will have very 
high K/Rb but low Rb/Cs ratios due to exchange with a fluid phase.
U in metamorphic rocks is primarily contained on grain boundaries and is readily 
lost to a fluid during granulite facies metamorphism. Th depletion is not as ubiquitous,
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suggesting either that if Th is present on grain boundaries, it is not readily carried by the 
metamorphic fluids (due to its oxidation state?) or that Th enters accessory mineral 
lattice sites preferentially to U in rocks which have high Th contents. The latter is 
supported by mineral-melt partitioning data and the psotive correlation between Th/U 
ratio and Th ppm.
Mafic granulite xenoliths often have compositions which are unlike melt 
compositions and are inferred to have formed either as cumulates or restites. Cumulates 
may be distinguished from restites by comparing the initial isotopic compositions and 
variations in compatible versus incompatible trace elements for a genetically related suite 
of xenoliths. When genetic links cannot be established, the chemical signature of 
particular phases may provide clues to the xenoliths' petrogenesis. In most mafic 
xenoliths, a cumulate versus restite origin may be delineated given enough chemical and 
isotopic information.
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CHAPTER 6. LOWER CRUSTAL MODELS
6.1 Introduction
It is difficult to generalize about the bulk composition of the lower continental crust 
because of its inherent heterogeneity and because different lines of evidence lead to 
conflicting conclusions regarding its bulk composition. For example, the marked 
compositional differences between granulite terrains and lower crustal xenoliths and the 
sometimes contradictory results from geophysical techniques (e.g., the low seismic 
velocities for the lower crust of the Pilbara craton and the observed low crustal heat 
production) lead to different inferences regarding lower crustal composition. 
Nevertheless, the importance of determining a lower crustal composition is apparent 
when considering crustal growth models (see Taylor and McLennan, 1985, Ch. 10), 
crust-mantle mass balance calculations (Jacobsen and Wasserburg, 1979) and the 
chemical evolution of the earth’s mantle through time (Sun and Nesbitt, 1977; Hofmann 
et al., 1986).
In this chapter I will review the most recent compositional models for the lower 
crust, derived both from crustal growth models and from lower crustal xenolith studies. 
These compositions are compared with one another and with the upper crust and 
evaluated in terms of petrological and geophysical constraints on crust formation 
processes and lower crustal composition. Finally, I will discuss several outstanding 
problems relating to crustal growth and differentiation.
6.2 Lower Crustal Models
Tables 6.1 and 6.2 list several lower crust compositional models for major and 
trace elements, respectively. Four of the major element compositional estimates are 
model dependent (Weaver and Tamey, 1984a [column 1], Taylor and McLennan, 1985 
[columns 2 and 3] and Smithson, 1978 [column 6]) and two are based on the observed 
compositions of lower crustal xenoliths (Dupuy et al., 1979 [column 4]; Rudnick and 
Taylor, 1987b [column 5]).
Smithson and Brown (1977) and Smithson (1978) suggested that the lower crust 
is a heterogeneous mixture of mafic and felsic lithologies with a dioritic bulk
composition (column 6, Table 6.1). The evidence they cite for this composition are (1) 
the presence of deep crustal reflections in seismic profiles, which they say require 
contrasting lithologies, and (2) Vp in the lower crust of < 7.0 km/sec. However, there 
is no concensus in the geophysical literature regarding the cause of the deep crustal 
reflectors (see Chapter 4) and more recent complications of lower crustal seismic data 
shows that most lower crustal Vp's are between 6.4 to 7.9 km/sec with at least half of 
the observed Vp's being > 7.0 km/sec (Fig. 4.2). Given these more recent data and 
considering the uncertainties involved in estimating rock composition from velocity data 
(see Chapter 4) the lower crustal estimates of Smithson may not be very accurate.
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Table 6.1 Major element lower crustal model compositions (wt%).
1 2 3 4 5 6
Si09 59.2 54.4 55.3 56.3 50.3 59.0
T1O9 0.9 1.00 0.97 1.1 1.3 0.8
AlnO-i 17.2 16.1 18.9 17.1 16.6 17.1
FeO* 6.1 10.6 8.5 7.9 12.1 5.9
MnO 0.12 0.22 0.16 0.11 0.22 0.1
MgO 3.4 6.3 3.9 5.0 8.0 3.4
CaO 5.9 8.5 8.6 5.5 9.0 7.0
Na90 4.0 2.8 3.4 2.1 1.6 3.9
KoO 2.4 0.34 0.88 1.42 0.45 1.9
p2o5 0.18 — — 0.16 0.32 —
Mg 49.8 51.1 45.0 53.0 53.6 50.3
_m 21.5 21.7 21.5 22.2 22.1 21.5
1 = Weaver and Tamey (1984a) post-Archean lower crust,
2 = Taylor and McLennan (1985) bulk lower crust,
3 = Taylor and McLennan (1985) post-Archean lower crust (from andesite model),
4 = Dupuy et al. (1979), Massif Central xenoliths,
5 = Rudnick and Taylor (1987b), Queensland xenoliths.
6 = Smithson (1978).
*Total Fe as FeO; 'Mg # = 100 (Mg/Mg + £Fe). “Mean atomic weight (after 
Birch, 1961).
Weaver and Tamey (1984a) estimated a bulk lower crustal composition by both 
empirical and model dependent methods. They assumed that Scourian granulite facies
gneisses are representative of the lower crust in Archean regions, which constitute 75%
of all crust. The remaining 25% of the lower crust formed during the post-Archean and
is assumed to have the composition of an average orogenic andesite (column 1, Tables 
6.1 and 6.2).
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Table 6.2 Trace element lower crustal model compositions (in ppm).
1 2 3 4 5
Li — 11 7 7 ___ __
K 19,920 2,800 7,300 11,790 3,730
Sc — 36 36 25 33
V — 285 213 167 217
Cr 45 235 62 220 276
Co — 35 35 29 31
Ni 27 135 33 61 141
Cu — 90 72 22 29
Zn — 83 — 85 —
Rb 66 5.3 19 27 11.8
Sr 601 230 417 266 196
Y 15 19 22 — 28
Zr 181 70 70 174 127
Nb 10 6 6 14* 13
Mo — 0.8 — — 0.8
Sn — 1.5 — — 2.3
Cs — 0.1 1.0 1.3 0.07
Ba 605 150 283 545 212
La 29 11 15 26 12
Ce 61 23 29 57 28
Pr — 2.8 3.4 — 3.6
Nd 23 12.7 12.7 — 16.5
Sm 4.9 3.17 3.4 5.8 4.1
Eu 1.29 1.17 1.2 1.5 1.4
Gd — 3.13 3.5 — 4.3
Tb 0.65 0.59 0.64 0.78 0.79
Dy — 3.6 3.8 — 5.0
Ho — 0.77 0.83 — 1.12
Er — 2.2 2.3 — 3.25
Yb 1.5 2.2 2.2 2.98 3.19
H f 5.8 2.1 2.1 4.6 3.3
Ta — 0.6 — 0.8 0.7*
W — 0.7 — — 0.5
Pb 12 4 6.7 — 3.3
Th 6 1.06 2.8 5.8 0.54
U 1.25 0.28 0.7 0.57 0.21
Th/U 4.8 3.8 4.0 10.2 2.6
1 = Weaver and Tamey (1984a) post-Archean lower crust,
2 = Taylor and McLennan (1985) bulk lower crust,
3 = Taylor and McLennan (1985) post-Archean lower crust (from 
andesite model),
4 = Dupuy et al. (1979), Massif Central xenoliths,
5 = Rudnick and Taylor (1987b), Queensland xenoliths.
* Value calculated assuming Nb/Ta = 17.6 (Jochum et al., 1986) and 
no significant intracrustal fractionation.
Taylor and McLennan (1985) proposed a lower crustal composition which they 
derived by subtracting the upper crust from a bulk crust composition, assuming the 
proportions of upper to lower crust are 1:3. Their upper crustal composition is 
constrained by the composition of fine-grained sedimentary rocks, which provide
wide-scale sampling of upper crustal lithologies. Their bulk crust composition is 
composed of 75% Archean crust composition, derived from heat flow constraints and 
Archean sedimentary rock compositions, and 25% of an andesite model composition 
(column 2, Tables 6.1 and 6.2). This lower crustal composition is composed to a large 
extent of Archean lower crust, yet the other estimates given in Tables 6.1 and 6.2 are 
post-Archean. It may therefore be more appropriate to estimate a post-Archean lower 
crust composition by subtracting the upper crust from the Taylor and McLennan (1985) 
post-Archean bulk crust composition (andesite model), again assuming a 1:3 proportion 
of upper to lower crust. This composition is given in column 4 of Tables 6.1 and 6.2.
Dupuy et al. (1979) used the average compositions of 66 xenoliths, weighted 
according to observed lithologic proportions (derived from 2000 xenoliths), to estimate 
the bulk composition of the lower crust beneath the Massif Central (column 4, Tables 
6.1 and 6.2). Recently, Griffin and O'Reilly (1987) suggested that many of these 
xenoliths are pieces of upper crustal granulite facies rocks rather than fragments of 
present-day lower crust based on the assertion that the Massif Central xenoliths "closely 
resemble granulites outcropping nearby". The determination of 295±5 Ma ages for 
metamorphic zircons and monazites in igneous and metasedimentary xenoliths from the 
Massif Central (Leyreloup, pers. comm., 1986) may help to constrain the xenoliths' 
origins. Unfortunately, the age of the surface granulites in the Massif Central is under 
debate. Pin and Vielzeuf (1983) suggest a 400 Ma age for eclogites, whereas Gebauer 
et al. (1981) preferred a 320 Ma age. Thus the ultimate origin of these xenoliths is as yet 
uncertain.
Rudnick and Taylor (1987b) derived an estimate for the average composition of the 
lower crust beneath the McBride volcanic province, north Queensland, based on the 
analyses of 12 xenoliths (column 5, Table 6.1). The xenolith compositions were 
weighted according to their observed proportions (from a total of 33 xenoliths, which 
represent all xenoliths observed during two days of collection). The 250-350 Ma 
metamorphic ages of these samples attest to their lower crustal origin (Rudnick and 
Williams, 1987), in contrast with the uncertainty associated with the Massif Central
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xenoliths.
6.2.1 Comparisons of the Models
A convenient way in which to compare the lower crust compositional models is by 
plotting them on normalized diagrams. Figs. 6.1-6.5 show these models normalized to 
the upper crustal composition of Taylor and McLennan (1985). By plotting the data in 
this manner two features can be readily evaluated: (1) the variations between models, 
and (2) the degree of fractionation between the upper and lower continental crust (i.e., 
elements with a ratio of < 1.0 are depleted in the lower crust compared to the upper 
crust).
The major element patterns for the lower crustal models are shown in Fig. 6.1. In 
all models the lower crust is more mafic than the upper crust, requiring some form of 
intracrustal differentiation. The lower crust has significantly higher Ti, Fe, Mn, Mg and 
Ca and lower Si and K. A1 is only slightly enriched in the lower crust compared with 
the upper crust. The models differ most in the relative abundances of Na and K, and 
less so in Fe, Mn and Mg. Estimated lower crustal Na abundances vary by a factor of 
2.5, with all but the Weaver and Tamey (1984a) model assigning more Na to the upper 
crust. Estimated lower crustal K abundances vary by a factor of 8. The K content of 
the lower crust has important implications for crustal heat production and is discussed 
more fully below.
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Figure 6.1 Abundance patterns for major elements in lower crustal models relative to 
the upper crust (values from Taylor and McLennan, 1985). Data from Table 6.1.
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The alkali and alkaline earth elements and Th and U variation patterns for the lower 
crustal models are shown in Fig. 6.2. Ba and Sr are depleted or enriched in the lower
crust relative to the upper crust in the different models. The remaining elements show
depletion in the lower crust relative to the upper crust, however the degree of depletion
varies by an order of magnitude between these models. The andesite-based models and
the Massif Central model have significantly higher concentrations of these elements than
the Taylor and McLennan bulk crust model and the McBride model.
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Figure 6.2 Abundance patterns for Th, U, alkali and alkaline earth elements in lower 
crustal models. Data from table 6.2; symbols as in Fig. 6.1.
The Massif Central model is the only model which suggests a significantly higher 
Th/U ratio in the lower crust than that in the upper crust (3.8). This is due to the 
influence of the intermediate to felsic compositions in the Massif Central xenolith suite, 
since these rock types have higher overall abundances and higher Th/U ratios (see 
Chapter 5). The K/Rb ratios in all lower crustal models are higher than that of the upper 
crust, consistent with Rb depletion relative to K. Rb/Cs ratios are high in the McBride 
and Taylor and McLennan bulk lower crust models, and lower in the Massif Central 
and Taylor and McLennan post-Archean models. As discussed in Chapter 5, the Rb/Cs 
ratio is a sensitive indicator of the role of K-feldspar during alkali element depletion. 
The very high Rb/Cs ratio in the McBride model is due high Rb/Cs ratios in the
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intermediate to felsic xenoliths (228) coupled with very low concentrations of these 
elements in the mafic xenoliths. The relatively low Rb/Cs ratio in the Massif Central 
model appears contrary to prediction at first glance, since intermediate to felsic xenoliths 
comprise a significant proportion of the xenolith types. However, the Rb/Cs ratio in 
this suite is strongly influenced by the mafic compositions, which contain unusually 
high concentrations of Rb and Cs for mafic granulites (up to 28 and 2 ppm, 
respectively, see Chapter 5), but low Rb/Cs ratios. Such high Rb and Cs 
concentrations are unlikely to reflect abundances in granulite facies rocks suggesting 
that either the rocks have been retrogressed, or possibly contaminated by the host 
basalts.
REE abundance patterns are shown in Fig. 6.3. Significant differences between 
the models include: strong LREE depletions in the Taylor and McLennan models and 
the McBride model relative to the Weaver and Tamey and Massif Central models. The 
two xenolith-based model compositions have significantly higher HREE abundances 
than the upper crust, whereas in both Taylor and McLennan models the HREE are not 
fractionated between upper and lower crust. A singular feature of the Weaver and 
Tamey model is that both LREE and HREE are slightly depleted in the lower crust
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Figure 6.3 REE and Y abundance patterns for lower crustal models. Symbols as in 
Fig. 6.1, data from Table 6.2.
relative to the upper crust Additionally, it is the only model which ascribes significant 
fractionation within the HREE relative to the upper crust. The Sm/Nd ratio in all 
models is higher in the lower crust relative to the upper crust, suggesting that the lower 
crust should evolve to more radiogenic Nd isotopic compositions compared to the upper 
crust.
Third period transition metal abundance patterns are shown in Fig. 6.4. As with 
the feiTomagnesian major elements, the transition metal abundances are higher in the 
lower crust relative to the upper crust, reflecting the more mafic composition of the 
lower crust. The major differences between models are in Cr and Ni abundances. In 
particular, the andesite-based models have significantly lower Cr and Ni contents (see 
below). The very low Zn content for the McBride model is only based on only 3 
analyses of intermediate to felsic xenoliths and may not be representative.
79
WT
TM bulk 
TM P-A 
Massif Central 
McBride
Figure 6.4 Third period transition metal abundance patterns for lower crustal models. 
Symbols as in Fig. 6.1, data from Table 6.2.
High field strength metal abundance patterns are shown in Fig. 6.5. All but Zr and 
Hf are significantly depleted in the lower crust relative to the upper crust in all models. 
In the Weaver and Tamey model Zr and Hf are not fractionated between the upper and 
lower crust, in all other models these elements are variably depleted in the lower crust
relative to the upper crust. The Taylor and McLennan models assigns the greatest 
amount of depletion of Nb, Zr and Hf to the lower crust. Based simply on the 
incompatible nature of these elements in the major rock-forming minerals, one would 
predict that intracrustal fractionation (either by crystal accumulation or partial melting) 
should lead to depletion of these elements in the lower crust. Although accessory 
phases such as zircon have been predicted to be residual during some instances of 
partial melting (Watson and Harrison, 1984), the available xenolith data suggests that 
such an accessory phase-rich lower crust is not common.
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Figure 6.5 High-field strength metal abundances for lower crustal models. Symbols as 
in Fig. 6.1, data from Table 6.2. McBride model composition is that excluding one 
zircon-rich xenolith (see Rudnick and Taylor, 1987b).
6.2.2 The Andesite Model
The andesite model for crustal growth assumes that the crust grows mainly by the
addition of island arcs to continental nuclei and that the bulk composition of arcs
approximates that of the average orogenic andesite (Taylor, 1977). It was originally
applied to the growth of the total crust (Taylor, 1977) but more recently has been used 
to model the growth of only the post-Archean crust (Taylor and McLennan, 1985; 
Weaver and Tamey, 1984a). There are several problems with assuming an andesite 
model crust composition for the post-Archean crust. The very low Cr and Ni
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abundances (~50 and ~30 ppm for the model of Taylor, 1977, and Weaver and Tamey, 
1984a) and low Mg # of the andesite magma composition (45 to 50) indicate that such a 
magma is unlikely to have been in equilibrium with mantle peridotite. Thus the andesite 
magma is probably not representative of a primary crustal addition. Similar conclusions 
have been reached from petrologic and geochemical studies of island arc lavas and their 
xenoliths (Gill, 1980; Arculus, 1981; Kay and Kay, 1985; Brophy and Marsh, 1986).
In addition, the lack of andesitic compositions in lower crustal xenoliths seems to 
be at odds with andesite derivation from the mantle. All granulite xenoliths with 
inferred melt-like compositions are either mafic or felsic (Leyreloup et al., 1977, 1982; 
Arculus et al., 1987; Rudnick and Taylor, 1987b), not intermediate. In regions where 
the lower crustal average composition is intermediate, such as the Massif Central, this 
composition results from mixing between a tholeiitic and a metasedimentary component 
(Dupuy et al., 1979). It is possible that some of the abundant mafic cumulates found in 
granulite xenolith suites worldwide were derived from the fractionation of andesitic 
magmas, as it is very difficult to ascertain equilibrium melt compositions from these 
high-grade rocks. Nevertheless, nearly all studies of mafic cumulate xenoliths from 
island arcs conclude that the xenoliths crystallized from basaltic rather than andesitic 
magmas (e.g., Arculus and Wills, 1980; Hawkesworth and Powell, 1980; Gust and 
Johnson, 1981; Conrad and Kay, 1984). Thus, the post-Archean bulk crust 
composition is probably best modeled as a basaltic or basaltic andesite composition.
62.3 Heat Flow Constraints
Important constraints on the viability of lower crust compositional models can be 
made by comparing their heat producing element (HPE) contents with the abundances 
predicted from measured heat flow in post-Archean crust. Table 6.3 gives the 
calculated heat production of the various lower crustal models previously discussed. In 
addition, the total crustal heat production has been calculated (Table 6.3) based on the 
assumption of a 1:3 proportion of upper to lower crust and using the upper crustal 
composition of Taylor and McLennan (1985). The heat flow produced by these crustal 
models is calculated assuming a 40 km thick crust with an average density of 2.8 g/cmJ 
and a constant reduced heat flow of 27 mW/m2 (Pollack, 1980; Morgan, 1984).
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Table 6.3 Heat production of model compositions
1 2 3 4 5
Lower crustal 
heat production
(HW/m3)
0.95 0.18 0.42 0.68 0.13
Total crustal heat 
production
(HW/m3)
1.15 0.57 0.80 0.96 0.54
Heat flow 
mW/m2
73 50 59 65 49
1 = Weaver and Tamey (1984a) post-Archean lower crust, 2 = Taylor and 
McLennan (1985) bulk lower crust, 3 = Taylor and McLennan (1985) 
post-Archean lower crust, 4 = Dupuy et al. (1979), Massif Central 
xenoliths, 5 = Rudnick and Taylor (1987b) Queensland xenoliths. See text 
for discussion of model parameters.
Heat flow in post-Archean heat flow provinces is quite variable, and can be 
expressed in terms of three components: (1) the radiogenic heat produced within the 
crust, (2) heat from transient thermal perturbations associated with tectogenesis and (3) 
the reduced heat flow (heat derived from the mantle) (Pollack, 1980). Fig. 6.6 shows 
the variation in heat flow with tectonothermal age for post-Archean crustal regions. The 
areas labeled I, II and HI correspond to the relative input of the three heat sources listed 
above (nos. 1, 2 and 3, respectively). The reduced heat flow is constant at about 27 
mW/m2, the crustal radiogenic heat contributes about 23 mW/rrr and the thermal input 
from orogenesis decreases with time from approximately 27 mW/m2 in areas of 
Cenozoic tectonism to near zero in regions stabilized since the Precambrian. The 
calculated heat flow from the various crustal models are shown as thick lines on the 
right of the diagram. The heights of the lines show the range in calculated heat flow for 
crustal thicknesses between 35 (lower limit) and 40 km (upper limit).
It is clear from Fig. 6.6 that andesite-based crustal models (Weaver and Tamey, 
1984a, and Taylor and McLennan, 1985, post-Archean lower crust) and the Massif 
Central lower crustal model produce higher than measured heat production for the 
post-Archean continental crust. Thus, the heat flow data requires a lower crust which 
is more depleted in HPE than these models would suggest. The Taylor and McLennan 
(1985) and McBride xenolith models are consistent with heat flow requirements.
120
83
■C
Crustal Models
0 0.5 1.0 1.5 2.0 2.5
Tectonic Age (Ga)
Figure 6.6 Variations in measured heat flow with tectonothermal age of the crust (After Pollock, 1980). 
Error boxes represent standard error of the mean, error bars are the standard deviation. The regions 
labeled with Roman numerals represent relative proportion of total heat flow from different sources: I = 
crustal radiogenic heat production, II = thermal perturbation associated with tectogenesis, III = reduced 
heat flow. Thick bars at right side of diagram represent heat flow calculated for the crustal models listed 
in Table 6.3 for a 35-40 km thick crust. Numbers on these bars correspond to the column numbers in 
Table 6.3 with the following lower crustal portions of the models: 1 = Weaver and Tamey (1984a) 
post-Archean lower crust, 2 = Taylor and McLennan (1985) bulk lower crust, 3 = Taylor and McLennan 
(1985) post-Archean lower crust, 4 = Massif Central lower crust (Dupuy et al., 1979), 5 = McBride 
lower crust (Rudnick and Taylor, 1987b).
6.3 Discussion and Problems
The crustal models discussed above deal with the composition of the post-Archean 
low er crust. Consideration o f heat flow, low er crustal xenolith petrogenesis and 
petro log ical studies o f island  arcs m agm as all lead to the conclusion that the 
post-Archean lower crust is dominantly mafic. Thus a reasonable model for growth of 
post-A rchean  crust is through addition o f island arcs w ith bulk com positions 
approaching high Al basalts. Intracrustal differentiation leads to the form ation o f a 
granodioritic upper crust and a mafic to ultramafic lower crust.
The growth of the Archean lower crust is m ore difficult to model because o f the 
lack of direct samples in the form of xenoliths and the major uncertainties regarding the 
origin and significance o f granulite facies terrains (Chapter 2). The best constraints 
com e from  heat flow, seism ic velocity profiling and the petrogenesis of the two 
im portant Archean rock types: basaltic rocks and rocks o f the tonalite-trondhjem ite-
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granodiorite (TTG) suite. The very low heat flow and relatively high Vp for lower 
crustal layers in Archean regions suggest the dominance of mafic granulites in the deep 
crust (Chapter 4). In addition, the geochemistry and petrology of TTG rocks require 
their derivation from a garnet-bearing mafic source, which is unlikely to be subducted 
oceanic crust as found in modem island arc settings (Chapter 2). Thus mafic granulites 
at the base of a normal or thickened continental crust provide a reasonable source rock 
and are consistent with the presence of mafic lower crust in Archean shields and the 
petrologic constraints which suggest that basaltic (or ultramafic) magmas are the 
dominant mantle-derived compositions.
These models for Archean and post-Archean crust formation and evolution lead to 
the recognition of two fundamental problems:
(1) If basalt addition is the main process by which the crust grows, during, both the 
Archean and post-Archean, then the bulk crust should be basaltic. However, all 
bulk crustal estimates are more evolved than this, and
(2) If post-Archean intracrustal differentiation occurs primarily by partial melt 
extraction from the lower crust, then residues of mafic granulites with positive Eu 
anomalies should be the dominant lower crustal rock types. Yet such rock types 
are seldom observed.
Each of these problems will be discussed in turn.
In both Archean and post-Archean crusts, the mafic to ultramafic residues left after 
crustal differentiation must be extracted from the crust to produce a more evolved bulk 
crust composition. There are two ways in which such an extraction could take place: 
(1) if the residue from basalt differentiation is more dense than the surrounding mantle it 
may sink (Sun, 1984). For example eclogites have p = 3.3-3.7 g/cm3 compared with p 
~ 3.3 g/cm3 for peridotites (Christensen, 1982). This may be a particularly important 
process in the earliest crust formation when the lithospheric mantle may not have yet 
formed, and (2) the eclogitic, mafic granulitic or ultramafic residues may remain near 
the crust-mantle boundary. Such high-density material would be indistinguishable from 
the surrounding upper mantle in geophysical profiles. Interestingly, none of the limited 
data for eclogite xenoliths have the chemical characteristics of the TTG residues, 
however, some peridotitic xenoliths (e.g., type II of Frey and Prinz, 1978) do appear to
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be cumulates (Frey and Prinz, 1978; Carswell et al., 1984 ).
The second major problem in crustal growth and differentiation models is defining 
the dominant process responsible for intracrustal differentiation. In the model of Taylor 
and McLennan (1985) the post-Archean upper crust forms by removal of partial melt 
from the lower crust, leaving plagioclase as a residual phase. Thus the average upper 
crust is a granodioritic melt composition and has a negative Eu anomaly and the lower 
crust is a mafic restite composition and has a positive Eu anomaly. One of the major 
problems with this model is the lack of identifiable residue in lower crustal samples. 
Rocks from granulite terrains generally do not have net positive Eu anomalies. In the 
few cases where they do, the granulites are not residual (e.g., Weaver and Tamey, 
1981). The commonly observed depletion of LILE in granulite terrains is more likely 
due to fluid-rock interactions during metamorphism (Chapters 2 and 5). In contrast, 
many granulite facies xenoliths have positive Eu anomalies. However, nearly all of 
these samples are interpreted as mafic cumulates rather than restite (Chapters 3 and 5). 
These observations suggest that the dominant intracrustal differentiation process may be 
crystal fractionation, coupled with assimilation, rather than partial melting.
Fig. 6.7 summarizes the pertinent features of the two types of intracrustal 
differentiation. In the partial melt removal model (Fig. 6.7 a) an unspecified heat source 
(perhaps crustal radioactivity or crustal thickening due to collision) induces partial 
melting of the deep crust. These anatectic melts coalesce and ascend as granitic diapirs, 
which may or may not leave trails of crystal (or restite) cumulates. The resulting deep 
crust is dominantly composed of restite material.
In the fractionation-assimilation model (Fig. 6.7 b) a mantle-derived basaltic 
magma ponds near the base of the crust due to its higher density than the surrounding 
crust (Herzberg et al., 1983). As the melt begins to crystallize, the latent heat of 
crystallization serves to melt the surrounding crustal rocks (which are already warm 
because of their depth in the crust). At this point one of two scenarios can occur; if the 
system remains closed to further basalt addition and the roof rocks do not founder into 
the chamber, the less dense country rock melts will rise to the top of the magma 
chamber where they will undergo only diffusive exchange with the underlying basalt 
(Campbell and Turner, 1987). Alternatively, if roof blocks fall into the chamber
Partial Melt Removal Fractionation-Assimilation
A B
Fig. 6.7 Schematic diagram illustrating the two types of intracrustal differentiation 
processes. (A) Intracrustal differentiation primarily through partial melt extraction from 
lower crust. (B) Intracrustal differentiation primarily through AFC processes in 
mantle-derived basaltic melts.
(Campbell and Turner, 1987), if volatiles induce rollover (Rice, 1985) or if more 
basaltic magma is injected into the chamber (Huppert and Sparks, 1980), the country 
rock melts may intimately mix with the basalt and an assimilation and fractional 
crystallization (AFC) process ensues (Taylor, 1980; DePaolo, 1981). The composition 
of the resulting melt(s) will depend upon the composition of the surrounding rocks and 
the amount of AFC which occurs before the melt becomes buoyant enough to ascend. 
As long as the assimilation occurs through bulk addition to the magma, restite will not 
be produced, and the dominant product of this process will be crystal cumulates. A 
very similar model for the generation of granites was put forth by Fyfe (1978), who 
stressed that the chemistries of modem granites reflect crustal reworking with extensive 
mantle dilution. In addition, crust-mantle mixing models have been proposed for the
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origin of many granites on the basis of isotopic studies (DePaolo, 1980; Farmer and 
DePaolo, 1984; Patchett and Arndt, 1986).
There are several attractions to the AFC model of crustal differentiation: (1) it 
explains the abundance of lower crustal xenoliths formed by cumulate processes and the 
paucity of xenoliths formed as restite, (2) it provides a necessary heat source to generate 
crustal melting, (3) it explains much of the isotopic data for granites, which often plot 
along mixing-like arrays on isotopic variation diagrams, and (4) the ultimate upper 
crust-lower crust fractionation is nearly identical to that of the partial melting model.
Thus, both the Archean and post-Archean crust grow by addition of mafic magmas 
and evolve through intracrustal differentiation processes. The reason for the differences 
in the resulting products (i.e., Na-rich granites in the Archean versus K-rich granites in 
the post-Archean) may be due to differences in lower crustal rock types and thermal 
regimes. Mafic granulites in the Archean lower crust could be melted if very hot 
magmas, such as komatiites, intrude. In addition, the absence of significant volumes of 
K-rich granites in the Archean suggests that more evolved compositions were either not 
present in the lower crust, or present in only very low volumetric proportions since 
such rock types would be the first to melt.
In the post-Archean lower crust the temperatures are lower and more evolved 
lithologies, in some instances supracrustal, are present in order to create K-granites 
through AFC processes. Although the presence of these rock types are required in 
order to explain the isotopic compositions of granites, these rock types need not be 
abundant, since fractionation is envisioned as the most important differentiation 
process. In addition, if most granite genesis during the post-Archean occurs as a result 
of subduction zone processes, then a ready mechanism is provided for transporting 
evolved rock types to deep crustal levels.
6.4 Conclusions
Models of the composition of the post-Archean lower continental crust have been 
derived either from crustal growth models or from direct observation of lower crustal 
rock types. All lower crustal model compositions are more mafic than the upper crust, 
consistent with the evolution of the crust through some form of intracrustal
88
differentiation process(es). The principal differences between the various models lie in 
their Th, U and alkali element concentrations. Such variations have important 
implications for heat flow. The high crustal heat production resulting from 
andesite-based crustal models and the Massif Central xenolith model suggest that these 
lower crustal compositions are unlikely to be representative of most areas of 
post-Archean lower crust. A mafic composition is most consistent with the heat flow 
data.
Several observations suggest that the andesite model of crustal growth is not 
applicable for the post-Archean crust. The low Cr, Ni and Mg # of average andesite 
compositions indicate that these are not primary mantle-derived melts. Additionally, 
studies of island arc petrogenesis conclude that andesites are the products of basalt 
fractionation at crustal levels. This is consistent with the overwhelmingly mafic 
compositions of lower crustal xenoliths which have melt-like compositions and the 
inferences that mafic cumulate xenoliths from island arcs result from basalt 
crystallization.
If the crust grows through basalt addition, then a mechanism of removing 
ultramafic residues is required in order to create a non-basaltic bulk crust. This may 
occur by several means: an eclogitic residue resulting from the formation of TTG rocks 
may be more dense than the underlying peridotitic mantle enabling it to sink and mix 
with the convecting mantle. Alternatively, ultramafic cumulates resulting from basalt 
fractionation may remain at the crust-mantle boundary and be interpreted as mantle on 
geophysical profiles.
Finally, the lack of significant amounts of plagioclase-bearing restite in lower 
crustal samples and the abundance of cumulates suggests that the primary process 
responsible for intracrustal differentiation may be fractional crystallization rather than 
partial melt extraction.
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APPENDIX 1
Granulite Terrains Data Sheet
Granuiite Terrains Data Sheet A.l- 1
Locality
Ontario 
Kapuskasing 
Structural 
Zone (KSZ)
Manitoba 
Pikwitonei and 
Cross Lakes
British 
Columbia 
Coast Ranges
New York 
Adirondacks
Age P-T conditions References
NORTH AMERICA
2700 (meta) 6-8 kbar Percival, 1980, PhD
700-800°C Percival, 1983, Am. Min. 68: 667
Percival and Card, 1983, Geology 11: 323 
Percival and Krogh, 1983, CJES 20: 830 
Simmons, Hanson and Lumbers, 1980, PC 
Res 11: 43
Morgan, Ashwai and Kelly, 1984, GSA 
Abst
Taylor, Rudnick, McLennan and Eriksson, 
GCA 50: 2267.
Notes: KSZ represents crustal cross section from Michopicoten greenstones to granulites. Heat 
producing elements do not change across section.
2400-2800 3-11 kbar,
700-890°C
Weber and Scoaies, 1978, GSC Pap. 78-10 
Fountain and Salisbury, 1981, EPSL 56: 
263
Arima and Barnett, 1984, CMP 88: 102 
Paktunc and Baer, 1986, J. Geol. 94: 381
Notes: Sapphirine granulites have very high A1 content -  metasedimentary, with low K/Rb ratios. 
Interpreted as a crustal cross section.
62 5-8 kbar, 750-850°C Hollister, 1979, Episodes 1979:3
Hollister, 1982, Can. Min. 20: 319 
Windley, 1981, JGSL 138: 745 
Hollister and Crawford, 1986, Geol. 14: 558
Notes: Half of the batholith made up of gneisses, half of intrusive granitic rocks. Granulites 
consist of metabasalts, Ca-rich metasediments and high-Al metasediments. Rapid uplift inferred.
1200 6-8 kbar, 700-800°C Bohlen, Essene and Hoffman, 1980, GSA
Bull. 91: 110
Valley and O'Neil, 1982, Nature 300: 497 
Valley, McLelland, Essene and Lamb, 1983, 
Nature 301: 226
Newton and Perkins, 1982, Am. Min. 67: 
203
Carl, 1981, GCA 45: 1603 
Valley and O'Neil, 1984, CMP 85: 158 
Nesbitt,., 1980, CMP 72: 303 
Bohlen, Valley and Essene, 1985, J. PeL 26: 
971
Notes: Mctamorphic fluid highly heterogeneous indicating channelized fluid flow. Fluid/rock ratio 
between 0-0.1. Marbles preserve original oxygen isotopic composition. Partial melting present in 
some granulites. Rock types include supracrustals as well as massif anorthosites. Retrograde P-T 
path involved 200°C isobaric cooling prior to uplift.
Granulite Terrains Data Sheet A.l- 2
Locality Age P-T conditions ' References
N. Grenville 1.6-1.7 9 Kb, 900°C Paragneisses Arima, Kerrich and Thomas, 1986, Geol.
Province, 14:844
Labrador
Notes: Granulites consist of sapphirine-bearing quartzofeldspathic para gneiss and have REE patterns 
similar to PAAS. Average 5*°Q for the paragneiss is +12.2+2. Rb, Cs and U are depleted with 
K/Rb = 400-800 and Th/U = 7-40. Sapphirine breaks down to opx + sillimarine during retrogression. 
Isobaric cooling.
Minnesota 3500 ? Sims and Peterman, 1981, Archean Geol.:
River Valley 85
Notes: Interiayered migmatitic gneisses of igneous origin and associated pelitic sequence which are 
intruded by younger granites.
Montana 3400 7 kbar, 650-750°C Henry, Mueller and Wooden, 1981, GSA
Beartooüi Mts. Abst 13: 471
Mueller, Wooden, Henry and Mogk, 1983,
LPI pub.
Notes: Supracrustal assemblages contain ironstone, quartzite, metabasalt, pelites and tonalites.
SOUTH AMERICA
Brazil 3100 5-10 kbars, 700-1000°C Sighinolfi and Santos, 1974, GCA 38: 641
Atlantic 2700 (meta) Sighinolfi, Figueredo, Fyfe, Kronberg,
Granulite Oliveira, 1981, CMP 78: 263
Belt Wemick, 1981, Archaean Geol.: 133 
Iyer, Choudhuri, Vasconcellos and Cordani, 
1984, CMP 85: 95
Lobato, Forman, Fuzikawa, Fyfe and 
Kerrich, 1983, Can. Min. 21: 647
Notes: Granulites composed of felsic gneisses and chamockites. Granulites not depleted in LILE. 
Granulites are granitic in composition, minor metasediments present.
EUROPE
Finland 1900-2000 5.5-8 kbars, 750-800°C Barbey and Cuney, 1982, CMP 81: 304
Lapland Barbey, Capdevila and Hameurt, Precamb.
Res 16: 273
Bemard-Griffiths, Peucat, Postair, Vidal, 
Convert, Moreau, 1984, Precamb. Res. 
Barbey, Bemard-Griffiths and Convert, 1986, 
Lithos 19: 95
Notes: 80% of terrain is metasedimentary (shales, psammidc graywackes, volcaniclastic graywackes
Granulite Terrains Data Sheet A.1- 3
Locality
N. Norway
Lofoten-
Vesteralen
S. Norway 
Bamble Sect. 
Arendal
Scotland
Scourian
Gneisses
Age P-T conditions References
with minor sandstones). Tholeiitic metaigneous rocks (chamockites) and migmantes make up 
remainder of terrain. K, Ba, Sr and Th in metasediments are similar to unmetamorphosed equivalents; 
Rb and U are unevenly depleted. Graphitic shales and calc-silicates are not U depleted due to low f02 
and stable U-rich phases, respectively. Extrusive tholeiites are enriched in K and Rb while intrusive 
tholeiites are not enriched. This is attributed to Rb/K enrichment by aqueous fluids prior to 
granulite facies metamorphism. U-Pb, Rb-Sr, Pb-Pb and Sm-Nd isotopes indicate mafic units 
emplaced near time of granulite metamorphism. Chamockites characterized by LREE enrichments. 
Favored model (Barbey) is that of a continental margin which is later buried by continent-continent 
collision.
2700 900°C, 10 kbar Mult. meta. events Heier and Thoresen, 1971, GCA 35: 89
1830 (meta) Green, Brunfelt and Heir, 1972. GCA 36:
241
Heier and Adams, 1965, GCA 29: 53. 
Griffin, Taylor, Häkkinen, Heier, Iden, 
Krogh, Malm, Olsen, Ormaasen, and 
Tveten, 1978, JGSL 135: 629.
Brunfelt and Heir, 1972,
Iden, 1981, Precamb. Res, 14: 135
Notes: Granulites depleted in Rb, Th, U and Pb relative to similar composition amphibolites facies 
rocks. Retrograde metamorphism didn't affect trace elements. Med. P granulite facies after Green and 
Ringwood (1967). Moho is within 25 Km of surface. Archean rocks composed of supracrustal 
intermediate gneisses. Proterozoic gneisses are supracrustal felsic volcanics, marble, quartzite, 
graphite schist and ironstone. Igneous rocks of both ages have calc-alkaline characteristics.
1540 7-8 kbars, 800±60°C Clough and Field, 1980, CMP 73:277
Smalley, Field, Lamb and Clough, 1983, 
EPSL 63: 446
Cooper and Field, 1977, EPSL 35: 105 
Field and Clough, 1976, JGSL 132: 277 
Lamb, Smalley and Field, 1986, J. Meta. 
Geol.4: 143-160.
Notes: Exposure reveals a granulite-amphibolite transition zone. Lithologies: acid-intermediate 
orthogneiss (Tromoy gneisses), metabasic dykes and supracrustals (quartzitic, psammitic, pelitic and 
mafic rocks). Grades from amphibolites to normal 1.11 .F. granulites to severely depleted granulites. 
Neither P nor T vary significantly across transitional zone, "grade" corresponds to increasing CO2  
versus H2 O. CO2  flushing important. Tectonic setting: Cordilleran-type margin.
2900 11 kbar, 900°C Geochemistry:
2600 (meta) or 7-8.4 kb, 840 C*
Isotope Geochemistry:
Pride and Muecke, 1980, 1981, 1982; 
Rollinson and Windley, 1980a and b; 
Weaver and Tamey, 1980, 1981;
Drury, 1978,
Okeke et al., 1983, Min. Mag. 47: 1 
Sheraton, 1973, Geol. Scotland and Rel. 
Rocks
Fowler, 1986, J. Meta. Geol. 4: 345 
Hamilton, Evensen, O'Nions and Tamey, 
1979, Nature
Humphris and Cliff, 1982, Nature 295. 
Whitehouse and Moorbath, 1986, Nature 
319: 488
Granulite Terrains Data Sheet A .l- 4
Locality
Ox Inlier 
N. Ireland
France 
Sl Malo 
Migmatite 
Belt
Spain
Ronda Massif
Age P-T conditions References
Conditions o f Metamorphism: O'Hara and Yarwood, 1978;
Rollinson, 1980;
Wood, 1975;
Barm coat, 1982;
Newton and Perkins*, 1982, Am. Min. 67; 
Savage and Sills. 1980, CMP 74; 153 
Layered mafic complexes: Windley, Bishop and Smith, 1981
Notes: Lewisian is divided into Scourian and Laxfordian complexes. Laxfordian derived from rocks 
similar to Scourian but underwent later (1850-1700 Ma) high temperature tectono-metamorphism. 
Scourian and Laxfordian periods separated by intrusion of Scourian dikes. Scourian gneisses 
dominated by tonalidc gneisses with lesser amounts of metasediments and mafic/ultramafic gneisses. 
Gneisses yield Sm/Nd model ages of 2.92 Ga followed by metamorphism at 2.6 to 2.9 Ga. 240 Ma 
time span suggests granulites had significant crustal prehistory prior to metamorphism.
Models: 1) Granulites are resutes formed by partial melting in lower crust (Pride and 
Muecke, 1980,1981).
2) Granulites are partial melts from mantle that have underplated base of crust 
and cooled to granulite conditions (Weaver and Tamey, 1980, 1981).
3) Granulites are cumulates at base of crust (Drury, 1978).
>600 850-900°C Sanders, Daly and Davies, J. Meta. Geol. 5:
69-85.
Notes: rock types include psammites, semipelites, pelites, metabasites and ultramafics. Heavily 
retrogressed during Caledonian (400 Ma). Protoliths were late Proterozoic arkosic sediments and 
iholeiites which cooled slowly at base of crust. Exhumation occurred during Caledonian thrusting.
>900 4.5-8 kbars, 675-750°C Brown, 1979, N. Jb. Min. 135:48
Weber, Barbey, Cuney and Martin, 1985, 
CMP 90: 52
Notes: Part of Armorican Massif, Sl Malo migmatite belt comprises an envelope of migmaazed 
metasediments which predate younger core of diatexites (locally produced). Inhomogeneous diatexites 
produced by in situ anatexis of graywackes while homogeneous diatexites produced by anatexis plus 
fractionation of plagioclase and biodte. Metasediments consist of quartz, oligoclase, biodte and 
muscovite. Biodte in resdte.
50-60 800°C, 11 kb Newton and Perkins, 1982 Am. Min. 67,
Torres-Roland, 1983, Tectono. 96: 95 
Suen and Frey, 1978, EOS 59: 401 
Obata, Suen and Dickey, 1980, CNRS 272: 
257
Frey, Suen and Stockman, 1985, GCA 49: 
2371
Reisberg and Zindler, 1986, EPSL 81: 29
Notes: Composed of mafic-ultramafic complex which intrudes sedimentary sequence producing 
migmautes.
Granulite Terrains Data Sheet A.l- 5
Locality
Spain
Cabo Ortega!
Italy
Calabria
Italy
Ivrea Zone
Godthabsfjord, 
Amitsoq gneiss
Age P-T conditions References
390 11-13 kbars, 700-750°C Van Calsteren, 1978, Lithos 11:61
Windley, 1981, JGSL 138: 745
Notes: complex composed of tholeiitic metagabbro, diopside-gamet rock, eclogite, pen dome, which 
are overlain by ky-staur-gt gneiss, locally migmatitic. Complex forms obducted deep crustal/mantle 
rocks.
300 8 kbars, 800°C Schenk and Schreyer, 1978, Alps,
Apennines, Hellemdes 
Maccarrone et al, 1983, Lithos 16: 95 
Pin and Vielzeuf, 1983, Tectono. 93: 47 
Moresi, Paglionico, Piccarreta and Rottun, 
1980, N. Jb. Miner. Abh. 138,49 
Windley, 1981, JGSL 138: 745 
Schenk, 1984, J Petrol. 25: 255
Notes: Composed of metabasites (layered mafic intrusion), minor ultramafics (tectonically emplaced) 
and felsic granulites overlain by interlayered pelites and minor calc-silicates and mafics. Small lenses 
of scap rocks. Retrogressed to amphibolite facies. Pelitic rocks are strongly migmatitic. Higher P 
and T metamorphism at base of section. Quartz-normative metabasites have coronas with Opx+Pc 
going to Cpx+Gt+Qtz. Metasediments are not depleted in LILE. Original lithology of 
metasediments range from shale to arenitic shales. Arenites had less H jO  originally -  inhibited 
melting; chemistry explained by dehydration reaction. Pelites had more H2O -- promoted partial 
melting (biotite or kf in residue). Two stages of meta: (1) prograde, (2) P decrease by 1.5 to 2 Kb 
with substantial isobaric cooling in mid-crust.
300 6 ± 0.8 kbars, 700-800°C Sighinolfi. 1969, CMP 21: 346
Newton and Haselton, 1981, Thermo. Min. 
Melts
Schmid, 1979,
Dostal and Capedri, 1978, CMP 66: 409 
Dostal and Capedri, 1979, Lithos 12: 41 
Fountain and Salisbury, 1981, EPSL 56:
263
Sighinolfi and Gorgoni, 1978, Chem. Geoi. 
22: 157
Pin and Vielzeuf, 1983, Tectono. 93: 47 
Wood, 1983, GSA Abst 15: 722 
Sills, Ackermand, Herd, Windley, 1983, J. 
Meta. GeoL 1: 337
Sills and Tamey, 1984, Tectono. 107: 187 
Pin and Sills, 1985, JGSL (in press) 
Windley, 1981, JGSL 138: 745
Notes: Granulites consist of interbcdded pelites and mafics. May not represent lower crustal P. 
Some mafics are cumulates, others enriched in K. Rb, Ba and Sr. Immobile elements like MORB.
GREENLAND
3600 5 kbars, 550°C Boak and Dymek, 1982, EPSL 59: 155
Griffin et al., 1980, EPSL
Lambert and Holland, 1976, Early Hist, of
the Earth
Taylor, Moorbath, Goodwin and 
Petrykowski, 1980, GCA 44: 1437
Notes: Depleted in K, Th and U. Tonalitic and trondhjemitic gneisses abundant.
Granulite Terrains Data Sheet A.1- 6
Locality Age P-T conditions References
Godthabsfjord, 2800 ? Compton, 1978, CMP 66:283
NQk gneiss
Notes: Tonalitic and trondhjemitic.
Fiskenaesset 2850 7 kbars, 730°C
Region
Windley, Bishop and Smith, 1981, Ann. 
Rev. Earth Planet. Sei. 9: 175 
Weaver, Tamey and Windley, 1981, GCA 
45: 711
Notes: Fiskenaesset anorthosite complex is surrounded by amphibolite-granulite facies gneisses 
quartzo-feldspathic gneisses.
Nordre Stromford 1700-1900 7 kbars, 750°C Glassley, 1983, GCA 47: 597
shear zone, Glassley, 1983, CMP 84: 15
Nagssugtoqidian 
Mobile belt
Notes: 50% of terrain is orthogneiss, mangerite intrusions and mafic rocks, 50% supracrustals, 
including: Marbles, graphitic gt-bio-sill schist and hb-px gneisses.
ASIA
U.S.S Jt. 3400 8 kbars, 800°C
Aldan Shield (2000 meta)
Kazansky and Moralev, 1981, Archaean 
Geol.
Perchuk et al., 1985, J. Meta. Geol 3: 265 
Bibikova, 1984, Archean Geochemistry
Notes: Complex consists of basic schists, quartzite, Al-schist and carbonates. Retrograde reactions 
common, CO2  was peak metamorphic fluid.
N. China 2700 ? Dazhong and Changhua, 1981, Archean
Yanshan-Yinshan Geol., 121
Newton and Perkins, 1982, Am. Min. 67: 
203
Jahn And Zhang, 1984, CMP 85: 224
Notes: Includes Qianxi complex. Granulites consist of marble and K-rich gneisses, tonalites and 
trondhj. rare. Qianxi complex granulites consist of mafic and felsic orthogneiss, chamockite gneiss, 
ironstone, quartzite, felsic gneisses arc TTG rocks. Isotopes (Rb/Sr, Sm/Nd) indicate emplacement 
followed rapidly by metamorphism.
Southern 3400 8-9 kbars, 800-950°C
India (2500 meta) East: 750-850°C, 7 kbar
West: 790±50°C, 9-13 kb
Condieetal.. 1982, CMP 81: 157 
Weaver, 1980, CMP 71: 271 
Harris et al., 1982, J. Geol. 90: 509
Granulite Terrains Data Sheet A.l- 7
Locality
Pakistan
Swat-Kohistan
Kasai-Lomami
Complex
Zaire
Swaziland 
Ancient Gneiss 
Complex
Age P-T conditions References
Rollinson, Windley and Ramakrishnan,
1981, CMP 76: 420
Janardhan, Newton and Hanson, 1982, CMP 
79: 130
Janardhan, 1983, Precamb. S. India, 417
Con die and Allen, 1984, Archaean 
Geochem., 182
Newton and Perkins, 1982, Am. Min. 67,
203
Devaraju and Coolen, 1983, J. Geol. Soc. 
India 24:404
Drury, Harris, Holt and Reeves-Smith,
1983, J. Geol. 92: 3
Hansen, Newton and Janardhan, Archaean 
Geochem., 161
Notes: Sargur Group contains layered mafic intrusions with LREE enrichment (La/Yb = 1-3) and 
weak positive Eu anomalies. Chamockites believed formed by influx of CO^-rich fluid which pushed 
out H->0. Transition zone dominated by tonalitic gneisses which have positive Eu anomalies but are 
not depleted in K, Rb and Th as are Lewis tan gneisses.
102 Ma 12-14 kbars, 670-790°C Jan and Howie, 1980 Min. Mag 43: 715
Jan and Howie, 1981 J. P e t 22: 85 
Bard, 1983 EPSL 65: 133 
Windley, 1981, JGSL 138: 745 
Pederson and Windley, 1985, EPSL 74: 45.
Notes: Interpreted as a 40 km thick crustal cross-section through an obducted island arc. Granulitic 
rock types are: 2 px and gt-cpx mafic granulites and deep-seated mafic-ultramafic formation (the 
Jijal-Patan Complex).
AFRICA
Fountain and Salisbury, 1981, EPSL 56: 
263.
3600 Upper Amphibolite Carlson, Hunter and Barker, 1983, Nature
305: 701
Hunter, Barker and Millard, 1978, Precam 
Res 7
Hunter, Barker and Millard, 1984, Prccam 
Res 24
AGC is part of Onverwacht Group in Kaapavaal Cralon. Barberton greenstone bell is also 
within Onverwacht Group.
Notes: AGC made up of three major units; (a) bimodal suite of interlayered low K gneisses (high 
AI^O-j and low ALjO^) and metabasails, (b) homogeneous lonalite gneiss and (c) interlayered silicic 
microcline gneiss, metabasalt and minor metasediment. A younger granodionte suite intrudes the 
AGC. Interlayered basalts are tholeiitic to komatiitic. In the bimodal suite, low AI2O3 tonaiites have 
variably fractionated REE with negative Eu anomalies, high AljO^ silicic gneisses have strongly 
fractionated REE with positive Eu anomalies. K/Rb for these silicic gneisses are low (-130). K/Rb 
for homogeneous tonalite gneiss is -225. Migmatites within bimodal suite are tonalitic to 
trondhjemitic and have highly fractionated REE with positive Eu anomalies. Oxygen isotope ratios 
for bimodal suite are low (5.9-7.2), for migmatites are 8.6 and amphibolites are 5.9.
Granulite Terrains Data Sheet A.1- 8
Locality
South Africa 
Limpopo Beit
South Africa 
Namaqualand
Tanzania 
Furua 
and Wann 
River Granulite 
Complexes
Uganda
Labwor
Hills
Sierra Leone 
Kasila Scries
Age P-T conditions References
3100-3200 800°C, 10 Kb (Horrocks) Barton, 1981, Archaean Geology
750±50°C, 4-5 Kb (H & H) Fripp, 1981, op ciL
Harris and Holland, 1984, Am Min 11: 1036 
Horrocks, 1983, J. Meta. Geol. 1: 13 
Taylor, Rudruck, McLennan and Enksson, 
1986, GCA 50: 2267
Notes: Lithologies of Biet Bridge Group dominated by variety of metasediments interpreted as a 
stable shelf sequence. P-T path characterized by near isothermal uplift (Harris and Holland).
1700 800-900°C, 6-7 Kb(Clifford et al) Clifford, Shimpfl, Burgher, McCarthy
1200 (meta) 700-800°C, 5±1.5 Kb (Waters) and Rex, 1981, CMP 77: 225
Waters, 1986, J. Petrol. 27: 541 
Waters and Whales, 1984, CMP 88: 269
Notes: Granulites dominated by quartzofeldspathic gneisses (paragneisses), lesser amounts of mafic 
gneisses, pelitic gneisses and quartzites.
2600 750-850°C, 7-11 kbars Hoefs, Coolen and Touret, 1981,
700-715 (Meta) CMP 78: 332
Newton and Perkins, 1982 Am Min 67:203
Coolen, 1980, PhD
Maboko ct al., Precamb. Res., 1985
Notes: Granulites form part of Mozambique mobile belt. Granulites consist of hb-px granulites 
(with gt and scapolite) with minor metapelites, calc-silicates and banded gneisses. Interpreted as 
volcano-sedimentary sequence. Granulites occur in fault-bounded (thrust) block.
Precamb. ? Nixon, Reedman and Bums, 1973, Min.
Mag. 39: 420
Sandiford and Powell, 1986, EPSL 79: 151 
Sandiford, Neail and Powell, 1987, CMP
Notes: Granulites consist of sapphinne-beanng metapelites and quartzites. Retrograde P-T path
2800 720-820 C, 6-9 kbars Fountain and Salisbury, 1981, EPSL
56: 263
Rollinson, 1982, EPSL 59: 177
Notes: Dominant lithologies are banded iron formation and mafic granulites.
Granulite Terrains Data Sheet A.l- 9
Locality
W.A.
Fraser Range
Western Gneiss 
Terrain, Yilgam 
Block, W.A.
Musgrave 
Block, Central 
Australia
Central 
Australia, 
Arunta Blk.
Age P-T conditions References
AUSTRALIA
1328 850°C, ? kbars Wilson, 1978, Archaean Geochem., 241
Fountain and Salisbury, 1981, EPSL 56: 
263
Wilson, 1984, GCA 48: 423 
Wilson and Baksi, 1983, Precamb. Res. 23: 
33
Notes: Dominant lithology mafic, minor felsic granulites Th and U enriched in mafic granulites. 
Hydrous phases rare. P-T history shows slow cooling for 200°C, then 
rapid cooling (attributed to uplift).
3300 5-6.5 kbars, 750-840°C Gee et al., 1980, Axchean Geol.: 43
(2700 meta) Taylor, Rudnick, McLennan and Eriksson,
1986, GCA 50: 2267
Notes: Dominant lithology is qtz-feid-bio gneiss w/wo gt and hyp intruded by granites. Variety 
of metasedimentary gneisses. Small bodies of mafic and ultramafic rocks throughout. 
Metamorphism generally upper amphibolite facies, pockets of granulite facies.
1380 8-12 kbars, 800-1000°C CoUerson, 1975, JGSA 22: 145
Wilson, 1978, Archaean Geochem.
Fountain and Salisbury, 1981, EPSL 56 
Gray, 1977, CMP 65: 79 
Goode and Moore, 1975, CMP 51: 77 
Nesbitt, Goode, Moore and Hopwood, 1970; 
GSSA Sp. Pub. 1, 547 
Gray, Cliff and Goode, 1981, EPSL 56: 189
Notes: Musgrave Range contains Giles complex — a series of layered mafic intrusions that intruded 
the lower crust. Giles Complex is tholeiiuc, has a minimum age of 1.1 Ga and equilibrated at 10 to 
12 kbars (based on phase relations and experimental work). Granulites composed of metasediments 
and felsic gneisses and are not depleted in K and Th, but are depleted in U.
2070 ? Allen, 1979, CMP 71:85
1790 (meta) Wilson, 1978, Archaean Geochem.
Windrim, McCulloch. Chappell, and 
Cameron, 1984, EPSL 70: 27 
Warren, 1983, Nature 365: 300 
Wilson and Baksi, 1983, Precamb. Res. 23: 
33
Sivell, 1986, CMP 93: 381 
Windrim and McCulloch, 1986, CMP
Notes: Granulites consist of a variety of supracrustal rock types and are not depicted in LILE. Crust 
formation age = 2070 ± 125 Ma. Granulites cooled slowly and were not uplifted until -1000 Ma.
Granuiite Terrains Data Sheet A.l- 10
Locality Age P-T conditions References
NEW ZEALAND
Oliver, 1977, CMP 65: 11 
Oliver, 1980.NZJGG 23: 27 
Newton and Perkins, 1982 Am Min 67: 203 
Priestley and Davey, 1983, Geology 11: 
660
McCulloch, Bradshaw and Taylor, 1987, 
CMP
Notes: Granulites dominantly mafic. Seismic vel. do not change with depth, suggesting this is 
section of uplifted lower crust.
ANTARCTICA
Vestfold 2800-3000 1000 C, 8-10 kbars Sheraton and CoUerson, 1984, CMP
Block Sheraton, Black and McCulloch, 1984.
Precam b. Res. 26: 169
Notes: Dominantly opx-bearing felsic orthogneiss, with subordinate mafic granuiite and paragneiss.
Prydz Bay 1100 Sheraton, Black and McCulloch, 1984,
Precam b. Res. 26: 169
Notes: Granulites composed mainly of gt-bearing felsic gneisses and inter layered Al-metasediments.
Fiordland 388 9-12 kb, 750 C
Doubtful Sound
Napier Comp 3900 900-980°C, 8-10 kbars Sheraton, Offe, Tingey and Ellis, 1980,
Enderby Land (3100 meta) JGSA 27: 1
DePaolo, Manton, Grew and Halpem, 1982, 
Nature 298: 614
Black, James and Harley, 1983, Precamb. 
Res. 21: 197
Ellis, 1980, CMP 74: 201 
Grew, 1984 Tectonophys. 105: 177 
Sheraton and Black, 1983, Lithos 16: 273 
McCulloch and Black, 1984, EPSL 
Ellis and Green, 1985, J. Petrol.
Sandiford, 1985, J. Meta. Geoi. 3: 155 
Black, James, and Harley, J. Meta. Geol.
1: 277
Notes: Dominant lithologies are px-qtz-feld and gt-qtz feldspar orthogneisses, with subordinate mafic 
granuiite, pyroxenitc and siliceous, aluminous and ferruginous sediments. Granulites cooled 
isobarically from 900 to 600°C. margins of complex (i.e.. Field Islands underwent second high-grade 
metamorphism during Proterozoic (Rayner event).
APPENDIX 2
Granulite Xenoliths Data Sheet
Granulite Xenoliths Data Sheet A.2-1
Locality Age P-T conditions Composition References
NORTH AMERICA
Nunivak Island, 9 kbars, Pyroxene granulites Francis, 1976, Can. Min.
Alaska 950°C 14: 291
Notes: Xenoliths were originally troctolite cumulates whose 01 and Pc have reacted to form 
coronas of Al-cpx/spinel symplecdte and Al-opx. Corona structures have developed in situ and may 
reflect iso baric cooling.
Stockdale Kimberlite, 10-14 kbars Pyroxenite Meyer and Brookins, 1976,
Kansas 800-1000°C Mafic granulite Am. Min. 61: 1194
Notes: Main reactions observed in xenos: spinel to sapphirine, pc to sil and cpx, pc and cpx to gt. 
These reactions interpreted as meta re-equilibration of rocks at 30-40 km depth. Ol-tholente 
compositions may indicate these rocks are extension of Keweenawan basalts at depth.
Kilboume Hole, 1.7 Ga 6-9 kbars
N.M. 10-20 Ma 750-1000°C
(meta)
Sil-bearing Gt granulite 
Gt orthopyroxenite 
2-pyroxene granulite 
chamockite, anorthosite
Padovani and Carter, 1977, 
Earth's Crust, AGU 
Reid et al., 1982, GSA Abst. 
Prog. 14: 597
James, Padovanni and Hart, 
1980, GRL 7: 321 
Padovani and Hart, 1982, LPI 
Planet. Rifting 
Wandless and Padovani,
1985, EOS
Padovani, Wandless and Reid,
1986, GSA Abst. Prog. 18: 
Richardson, Padovani and
Hart, 1980, EOS 61: 388 
Reid, Hart and Padovani, 
1985, EOS 66: 1110
Notes: Dominant lithology is para gneiss. Alkalis not depleted in these granulites; lower crust 
chemically heterogeneous. Cs preferentially depleted, recent rehearing of lower crust accompanied by 
variable re-enrichment of Cs, Rb and K. Sm/Nd and Rb/Sr isotopic systems resest within layers; 
mineral isochrons yield age of pipe. Isotopic systems in disequilibrium between layers. Whole rock 
"errorchrons" yield age of 1.7 Ga. Oxygen isotopes are very heterogenous, reflecting original values 
for particular rock types. Oxygen isotopic re-equilibrauon within layers only. REE patterns of 
peiitic xenoliths are similar to PAAS and NASC, except that HREE are higher. Suggests these 
xenoliths are not restites. Average V at 6 Kb is 7.2 cm/sec for feisic granulites. Metasediments 
interpreted as being vertically accreted at continental margin.
G cron i mo Proterozoic ?
Volcanic (1570 Ma)
Field, N.M. (7/6 Age)
2 Px granulites Kempton, Moorbath,
Gar-Cpx granulites Harmon, Hoefs, 1986, GSA
Abst Prog. 18:
Notes: Mafic granulites divided into two groups: (1) Granulites with low REE, variable LREE 
enrichment and positive Eu anomalies, low K, Th and Rb/Sr ratios, 5 ^ 0  = Ö.5-8.5,5D = -98- -91 [2 
px (Si02 = 46-54%; Mg # = 43-55) and 1 px granulites (Si02 = 49-52%; Mg# = 71-74)], (2)
Granulite Xenoliths Data Sheet A.2-2
Locality Age P-T conditions Composition References
Intermediate granulitesfall 2 px] with higher REE, LREE enriched with no Eu anomaly, high K 
(1.6-2.6%), low Th, 5*°0 = 4.2-7.1, 5D = -84- -69. No genetic relationship between two types.
Rio Grande Rift, N.M. 900-980°C Mafic granulites Baldridge, 1979, JVGR 6:
6-13 Kb 319
Notes: Granulites found in two vents: Cieneguilla and Elephant Butte. Inclusions with igneous 
textures from mafic intrusions in lower crust. Sp-2 Px granulites from upper mantle.
Leucite Hills, 875°C Mafic to intermediate Kay, Kay and Snedden, 1978,
Wyoming <10 kbars granulites (pc, opx, cpx, hb. GSA Abst. 10: 432
bio), anorthosite.
Notes: Granular mafic to intermediate xenos are of igneous origin, slightly LREE-enriched. K-spar 
and qtz occur in mere silicic rocks. Xenos are not similar to adjacent exposed Precam bnan rocks; 
xenoliths may represent lower crust.
Snake River Plains, 700-800°C Felsic gneisses, similar to Leeman, Menzies, Embree
Idaho 5 kb nearby Archean exposures and Matty, EPSL, 75: 354
Notes: Xenoliths yield Pb-Pb and Sm-Nd metamorphic age of 2.8 Ga and Nd model ages of 3.1 Ga 
(using CHUR mantle).
Sierra Nevada ? 2 Px granulites Dodge, Kistler and Calk,
Chinese Peak Gamet-ultramafics 1986,GSA Abst. Prog. 18
Notes: Garnet-bearing ultramafics from 40 Km depth.
Colorado Plateau
Camp Creek 1.5 to 2.3 700-900°C, Eclogites, garnet clinopyrox.. Esperanca and Holloway,
Latite Ga DM 8 ± 1.6 kbars gar-cpx granulites 1983, Terra Cognita
C. Arizona model age and amphibolites. Esperanca, 1986, GSA Abst 
Prog 18:
Esperanca, Carlson, Shirey, 
1985, EOS 66: 1110
Notes: Very similar to Suilivan Buttes xenoliths described by Arculus and Smith (1979). Xenoliths 
vary greatly in bulk composition, but most are mafic, = -2 to -9, which is correlated with 
^7Sr/®^Sr (0.7068-0.7081). Isotopes broadly correlate with mineralogy; amphibolites have lower
eNd-
Sullivan Buitcs, 1.7 Ga 10-20 kbars, Eclogites, amphibolites, Arculus and Smith, 1979,
Arizona to 1.8 700-1000°C Gl websterites The Mantle Sample
Ga (?) Schulze and Helmstaedt,
1979, The Mantle Sample
Notes: Inclusions may be re-equilibrated samples of an eclogite-rich cumulate sequence formed during 
Precambnan. 60% of inclusions are eclogite; 30% amphibolite and 2-4% pyroxenites.
Granulite Xenoliths Data Sheet A.2-3
Locality Age P-T conditions Composition References
Colorado Plateau, 
general
7.5 kbars, 
788°C (using 
Ellis and Green)
Gt granulites 
(Gt-cpx-pc-hb) 
Sil-gt-bio schist 
Felsic granulite 
K-granite
Ehrenberg and Griffin, 1979, 
Geology 7: 483 
Ehrenberg, Ahmad and Perry, 
1980, EOS 61: 387
Notes: Xenolith suite dominanted by mafic granulites. Mafic xenos may be related through crystal 
fractionation. REE of garnet granulites presented. 5180  for whole-rock garnet granulite range from 
5.0 to 7.9, plagioclase separates are 5.0 to 9.4. Pelitic xenoliths have d*°0  as high as 12.0 and 12.5
-----------------------Mexico----------------------------
La Olivina 
N. Central Mexico
Gt-Sil pelitic gneiss 
Two Px granulites
Cameron and Cameron, 1985, 
CMP
Nins, Cameron, Cameron and 
Morris, (in press) 
Lithosphere of Mex.
Notes: Half xenolith population is pelitic, half pyroxene granulites of intermediate compositon. 
Nd is -13.9 for pelitic xenolith; -9.8 for px granulite xenolith. Mineralogy of pelitic xenoliths: 
Gar+Q+Pc+San+Sill+Rut+Graphite. Mafic granulites: 2 Px+Pc-M-Il+glass with Kf+Ap+Scap+ 
Mica+sphene+S p.
Central Mexico 2 Px granulites Ruiz, Patchett and Ortega.
Pelitic gneisses 1986. GSA Absc Prog 18
Pyroxenites
Notes: 2 pyroxene granulites have intermediate compositions and contain 2 Px, Pc, Ap, Sphene, 
Spinel +/- Scap, Hb and Mica. Sr isotopes range from 0.70359 to 0.70710. Pelitic gneisses contain 
Gar, Q, Pc. Kf, Sill, Rut, Graphite. 87/86 = 0.71467 to 0.73043. Nd ranges from +1 to -11.
SOUTH AMERICA
Pali-Aike Vole. 5-7 kbars. 2 pyroxene granulites Selverstone, 1982, CMP 79:
Field, Chile 850°C 28
Selverstone and Stem, 1983,
Am. Min.68: 1102
Notes: T-Ppath: intrusion at 1200-1300 C, 4-6 kbars, cooling by increase in P due to crustal 
thickening forming symplectites at 850 C, 5-7 kbars.
EUROPE
Tallantc,
SE Spain
Notes: Interpreted as fragments from a wall of a magma chamber at 26 km depth.
7 kbars Quartz-spinel assemblages Vielzeuf, 1983, CMP 82:
1100°C 301
Massif Central, 7-10 kbars. Ultramafic granulites. Leyreloup et a!., 1977, CMP
France 900-1000°C Layered mafic granulites 79: 68
(Gt granulites, Gt 2 px Dupuy, Leyreloup and
granulites, 2 px granulites). Vermeres. 1980, Origin
Metasediments Disc Elem. 2: 401
Granulite Xenoliths Data Sheet A.2-4
Locality Age P-T conditions Composition References
Downes and Leyreloup, 1985
Notes: 60% of xenoliths are metaigneous. Meta-igneous suite derived from at least two independent 
parental magmas. May be part of an intrusive gabbro complex. Xenoliths not depleted in LILE.
Laacher See, 
Eifel, W. 
Germany
Notes: Mafic granulites predominate, some nodules contain s-rich scapolite. Coronas of 
pc+opx+mt+hb around g t Scapolites surrounded and invaded by smaller pc grains. Coronas 
document uplift. Xenoliths may come from present day crust-mantle transition layer based on 
seismic evidence. Nd istopes define 1.5 Ga isochron with scatter to lower 147/144 ratios due to 
metasomatism, documented by amphibole rims.
6.5-12 kbars Mafic granulites (pynclasites: Okrusch et aL, 1979, Lithos
730-850°C Pc-Gt-Opx-Cpx+Hb), 12:251
Amphibolites Stosch and Lugmair, 1984
(Pc-Opx-Cpx-Hb), Nature 311: 368
Qtz-bearing amphibolites Stosch, Lugmair and Seek, 
1985, JGSL, in press
Scotland, 850°C
Midland Valley 9 kb
and central Ireland
Pyroxene granulites, Upton, Aspen and Chapman,
Garnet granulites, felsic 1983, JGSL140: 105
granulites. Van Breeman and
Hawkesworth, 1980, Trans. 
R. Soc. Edinburgh 71: 97 
Upton, Aspen and Hunter, 
1984, Trans. R. Soc. 
Edinburgh: 75: 65 
Hunter, Upton and Aspen, 
1984, Trans. R. Soc. Edin. 
75: 75
Halliday, Aftali on, Upton, 
Aspen, Jocelyn, 1984, 
Trans. R. Soc. Edinburgh 
75:71
Menzies et ai., (submitted) 
Strogen, 1974, Nature 250 
Halliday, Stephens, Hunter, 
Menzies, Dickin and 
Hamilton, 1985, Scott. J. 
Geol 21: 465.
Notes: Crustal xenoliths dominanted by mafic granulites. Metasedimentary, quartzo-feldsapthic and 
mt-ap xenoliths also present. Seismic refraction studies identify a 7-15 km thick lower crustal unit 
with vel = 7 km/sec at 18-23 km depth. Note that one of these localities (Loch Roag on the island of 
Lewis) actually intrudes Archean Scourian gneisses. Sm-Nd garnet-whole rock age of 356 Ma for 
granulite from Parian Craig is similar to age of pipe. Granulites dominated by mafic compositions, 
garnet-bearing granulites arc rare. Matches seismic velocities suggestive of mafic lower crust. Nd 
model ages for xenoliths from Loch Roag are Archean.
AFRICA
Hoggar,
Algeria
6.2-10 kbars 
820-1000°C
Mafic metaigneous granulites Leyreloup, Bodinier, Dupuy 
(Pc + 2 px + sp, hb, rut., bio, and Dostal, 1982. CMP 79: 
qtz) and felsic metasediments 68
Granuiite Xenoliths Data Sheet A.2-5
Locality
Liberian
Kimberlite
Lashaine,
Tanzania
Lesotho, 
South Africa
Mt. Carmel 
Israel
Age P-T conditions Composition References
(Qtz + kf + pc + sill + gt + 
sapphirine + ap + zir + monaz. + 
rutile + graphite + Fe oxides)
Notes: Mafic granulites are high A1 qtz-normarive tholeiites, some with positive Eu anom. 
interpreted as cumulates. Gt in mafic granulites forms polycrystalline coronas around Ca-px. Some 
Ca-px have hb exsolution. Metasediments have SiC^ greater than 60% and show signs of melting 
(syplectic rims of hypersthene and sp around gt) -- either decompression or incongruent melting due to 
T increase. Metaseds yield slightly higher P-T conditions than mafic granulites. Mafic granulites 
predominate over metasedimentary granulites.
? 700-780°C Mafic Granulites Haggerty and Toft, 1985,
? Science 229: 647
Notes: kimberlites are 90 to 120 Ma old and erupt through southern shield of the western African 
era ton. Granulites are gar-cpx-plag with accessory il and rutile. Partial melting in some granulites 
has produced secondary pyroxene with ky adn scap. Native Fe present on grain boundaries due to 
breakdown of garnet and ilmenite. fO^ between iron-wiistite and magnetite-wüstite.
14 kbars Gt-pc clinopyroxenites, Gt Jones, Smith, Dawson and
1200°C websterite, 01 websterite, Gt Hansen, 1983, J. Geol. 91:
anorthosite 143
Cohen, 0"Nions and Dawson, 
1984, EPSL 68: 209
Notes: Xenoliths represent suite from ol-normative alkali gabbros. Scapolite developed from pc, 
sulfides and CO2. Kyanite needles throughout pc. Most minerals homogenized by metamorphism. 
Brown glasses and dark alteration products occur as rims to gt, cpx and scapolite; all products of 
decompression, quenching and K-metasomatism. Alkaline province geotherm defined. Pb isotopes 
are unradiogenic, with U/Pb ratio reduced at least 1.5-2.0 Ga ago. ^LSr/^Sr reflects Rb depletion.
Nd model ages vary from 1.3 to 2.6 Ga (depleted mantle).
1400 Ma 5-13 kbars Mafic granulites (cpx-pc-gt- Griffin, Carswell and Nixon,
550-700°C opx), eclogites, gt websterites, 1979, The Mantle Sample
intermediate-silicic granulites Harte, Jackson and Macintyre,
1981, Nature 291: 147 
Rogers, 1977, Nature 270:
681
Rogers and Hawkesworth,
1982, Nature. 299: 409
Notes: 50-70% of nodules are mafic granulites, 30-50% are felsic granulites. High S scapolite 
present in some samples. Many mafic granulites have positive Eu anomalies -  interpreted as 
cumulates. Mineral phases also have pos. Eu anomalies indicating present equilibration occurred 
after Eu anomaly created. Mafics are "transitional to 01 basalt".
MIDDLE EAST
6.5-9.5 Kb Mafic granulites Esperanca and Garfunkel,
600-700°C 1986, Lithos, 19: 43-49
Notes: Xenoliths represent pieces of gabbroic lower crust formed by accretion of aluminous cpx
Granulite Xenoliths Data Sheet A.2-6
Locality
Birket Ram 
Golan Heights 
Israel
Queensland
McBride
Province
Queensland
Chudleigh
Province
Delegate,
NSW
Age P-T conditions Composition References
basaltic cumulates that recrystallized extensively before incorporation into host basalt Mineralogy: 
Layered pc, gar, cpx, Ti-mt with minor amphibole.
? 5.5-8 Kb Mafic Granulites Mittlefehldt, 1984, CMP 88:
Cpx-Amph Ultramafics 280
Notes: Cpx-Amph ultramafics are cumulates from several basaltic magmas, some of which 
crystallized in the lower crust Mineralogy of maif granulites: Cpx-Pc±Gar±Amph±Opx with 
granoblastic texture. Over 400 xenoliths collected; no peridodte present
Australia
250 Ma 9 kbar
(meta) 700-750°C;
1570 Ma 16-18 kbars
850-950°C
Mafic granulites, interned, 
metasediments and felsic 
granulites
Kay and Kay, 1983, AJS: 
283A: 486 
O'Brien, 1983, PhD 
Rudnick, Williams, Taylor 
andCompston, 1986, 
Kimberlite Abst
Notes: Cone 32 xenoliths consist of undeformed pc, cpx, opx and pargasitic amphibole, with garnet, 
scapolite, il, rutile, phlog and bio. They are quartz normative and yield T of 700-750 C and P less 
than 9 kbars or 850-950 C and 16-18 kbars for the garnet-bearing variety. These xenoliths are similar 
to ones from active island arc volcanoes in Japan. Intermediate and feiste granulites also presenL 
Very heterogeneous lower crust
<100 Ma 6-12Kb Mafic granulites Kay and Kay, 1983, AJS:
283A: 486
Rudnick, McDonough, 
McCulloch and Taylor, 
1986, GCA 50: 1099. 
Rudnick and Taylor, 1986, 
Spec. Pub. Geol. Soc.
AusL
Notes: from Saphire Hill and Batchelor's Crater. Consist of texturally complex pc, cpx, opx, gar, sp, 
rutile, ap, ol, mt and are ol tholeiite normative, some of which are interpreted as cumulates. Coronas 
of opx+spinei rimming olivine and garnet rimming spinel point to isobaric cooling. Chemical and 
isotopic correlations suggest suite is genetically related cumulates which crystallized from melt 
undergoing AFC.
1100°C Mafic granulites (cpx. Lovering and White, 1964,
6-10 kbars opx, pc. ap, il, rutile, J. Pet. 5: 195
gar, scap). Lovering and White, 1969,
CMP 21: 9
Irving, 1974, J. PeL 15: 1
Notes: Gt formed by reaction between pc and opx. Two px granulites contain 260-3570 ppm K,
9.3 ppm Rb, 4.72 ppm Pb and .0042-,0904 ppm Th.
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Locality
Anakies,
Victoria
Calcutteroo, 
S. Ausl
Kayrunnera,
NSW
Boomi Creek, 
NSW
Erebus Vole. 
Province
Age P-T conditions Composition References
880-980°C Mafic granuiites (cpx, opx, pc, Wass and Hollis, 1983, J.
12-18 kbars gar, amph, mica, ol, il, Meta. Pec 1: 25
rue sphene, pleonaste, ap).
Notes: Minerals generally homogeneous, cumulate igneous textures (poiküitic) preserved in some. 
01 extensively altered; in one rock ol is completely nmmed by opx. Amph occurs as inclusions, 
intergrowths and rims on px. Not known if amphibole is primary (exsolution) or secondary, 
amph could be relict from dehydration from CO2  fluxing. Rarely, gar forms rims around spinel 
or aggregates of gar are rimmed by opx and cpx. Mafic xenoliths beieived representative of lower 
crust and formed by basaltic underplating, then re-equilibration at granuiite conditions under high 
CO2  pressure. Moho is represented by a 20 km transition zone in this region.
800-900°C Mafic granuiites (cpx, gar, pc, 
rue bio, amph, kf, scap, 
qz, ap and sphene), 
gar cpxintites and 
felsic gar gneiss.
McCulloch, Arc ulus, 
Chappell and Ferguson, 
Nature 300: 166 
Arculus et al., 1985,
Eclogites and Related Rocks
Notes: Mafic xenoliths plus one felsic xenolith scatter about 2.5 Ga isochron.
850-900°C Two types of gar cpxinites: Edwards, Lovering and
18-23 Kb Type I have cpx, gar. Ferguson, 1979,
rut + pc, qtz, kf, scap, CMP 69: 185
ap. Type II have cpx, gar.
lcyan, qutz &+ pc.
Notes: Type II have lower Ti, total Fe and higher Al and Mg/Mg + Fe than Type I inclusions. 
Type I are believed to be basaltic melt derived from Fe-rich mantle source. Type II are believed 
to be high-pressure cumulates from a basaltic magma.
950°C Mafic/uitramafic granuiites Wilkinson, 1975, CMP 53:
8 kbar 71
Wilkinson and Taylor, 1980, 
CMP 75: 225
Notes: Al-spinel mafic granuiites hav low Ti, K and P and are similar to high-Al alkaline to 
transitional basalts. Are interpreted as pieces of mafic/uitramafic pluton at base of crust. Most have 
positive Eu anomalies and are LREE enriched.
ANTARCTICA
Mafic granuiites dominant, 
quartzites, sphene-rich 
orthogneiss, sil-bio gneiss 
and calc-silicates locally 
abundant.
Berg, Hank, Herz and Gamble 
1984, GSA AbsL 16 
Hank, Kalamandes and Berg, 
1986, GSA AbsL
Notes: mafic granuiites horn 10 vents accross the Tran san tare tic mountains (TM)-Ross Embayment 
(RE). TM xenoliths are 2 px and cpx-plag granuiites; 5 ^ 0  = 10.6-12.0; ^Sr/® °Sr = 
0.71018-0.71290. RE granuiites are similar but some contain olivine and no garnet is present; 5 ^ 0  
= 8.3-8.9; ave. ^S r/^ °S r = 0.70362, ranging from 0.70196-0.70472.
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Large ion lithophile elements in rocks from high-pressure 
granulite facies terrains
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Abstract—A comparison of K, Rb, Th and U concentrations in granulite facies rocks with those of 
unmetamorphosed common rock types shows that depletion of these elements in granulites is variable. 
K/Rb ratios for granulites are generally higher than unmetamorphosed rocks, but K/Rb ratios only reach 
extreme values when K < 1%. The covariation of K/Rb ratio with K concentration suggests that protolith 
composition, hence mineralogy, is very important in controlling the degree of Rb depletion in granulites. 
Felsic granulites exhibiting extreme K/Rb ratios are mainly Archean, reflecting the high abundance of 
low K felsic rocks in Archean terrains. The Scourian granulites of Scotland all have very high K/Rb 
ratios and cannot be considered to be representative of granulite facies terrains. It is impossible from this 
data set to state conclusively whether K is depleted in granulites; K/La ratios of granulites show complete 
overlap with igneous rocks. Th/U ratios in many granulites are greater than 4, indicating U loss relative 
to Th. Felsic granulites with low Th/U ratios also have high La/Th ratios, indicating that these granulites 
have been depleted in Th. The low Th/U ratios of these rocks may reflect retention of Th and U in 
resistant accessory phases.
INTRODUCTION
Early geochemical studies o f granulites found that 
they are depleted in the large ion lithophile elements 
(LILE), particularly K, Rb, U and Th, with concurrent 
increases in K/Rb and Th/U ratios (Heier and 
Adams, 1965; Lambert and Heier, 1967; Sighi- 
nolft, 1969, 1971; Heier and Thoresen, 1971). 
Consequently, LILE depletion generally has been 
assumed to be a common feature of granulites. More 
recent geochemical investigations have shown that 
LILE depletions are not found in all granulite terrains, 
and some granulite facies rocks may have even 
experienced LILE enrichment prior to granulite facies 
metamorphism (e.g., southern Indian granulites. 
Weaver, 1980; Janardhan  et al., 1983; Weaver 
and Tarney , 1983). In addition to southern India, 
examples of granulite facies terrains which show little 
or no LILE depletion include: the Archean Jequie 
Complex, Brazil (SiGHiNOLFi et a l, 1981; Iyer el al., 
1984), the Lapland granulites, Finland (Barbey and 
Cu ney , 1982) and the Musgrave Block granulites, 
Australia (Gray , 1977).
Evaluating the processes controlling LILE concen­
trations in granulite facies rocks can offer important 
information on the nature of granulite facies meta­
morphism and the composition of the lower conti­
nental crust. Two processes are commonly cited as 
potential means of causing LILE depletion in gran­
ulites:
(1) removal of a partial melt and associated fluids 
{e.g.. SiGHiNOLFi, 1971; Fyfe, 1973)
(2) fluxing of fluids through granulites during 
metamorphism without substantial partial melt re­
moval {e.g., Tarney and Windley, 1977; Weaver 
and Tarney , 1980, 1981, 1983; Newton et al.. 
1980).
Considerable controversy exists over which process 
is more important in granulite evolution {e.g., Pride 
and Muecke, 1980; Weaver and Tarney, 1981).
The data set
We have compiled data from the literature on LILE 
concentrations from granulite facies terrains of many ages. 
Table 1 lists the age, peak metamorphic conditions (where 
available) and references for the granulite facies rocks re­
viewed here. Protoliths are generally igneous rock types; the 
few metasedimentary granulites are marked by triangles in 
all figures. An important consideration before discussing the 
geochemical data is whether these examples are representative 
of high-pressure granulite facies rocks in terms of their 
conditions of metamorphic equilibration (we exclude data 
for low pressure granulites). For consistency, the peak meta­
morphic conditions listed in Table 1 come from the com­
pilation of Newton and Perkins (1982), when available. 
Otherwise the source of the P-T  information is listed at the 
bottom of the table. Equilibration pressures range from 5 to 
12 kilobars, with most of the pressure estimates falling 
above 8 kilobars. Most of these granulites therefore fall into 
Newton and Perkjns’ (1982) massif granulite classification: 
only the southern Indian occurrence would be classified as 
transitional granulite.
Another important consideration is the amount of 
retrogression, if any, experienced by these granulites. 
Rb and U are known to partition into aqueous fluids 
more readily than K and Th (Shaw, 1968; Beswick, 
1973; Carron and Lagache, 1980). Therefore, in­
troduction of hyd.ous fluids during retrograde meta­
morphism could cause K/Rb and Th/U ratios to 
decrease. Although retrograde effects are observed 
locally in some terrains {e.g., Qianxi granulites, 
Scourian granulites, Lapland granulites, Norwegian 
granulites), their effect on the trends discussed here 
are considered negligible. Where retrogression is noted, 
it is not always associated with a change in the LILE 
concentrations (Heier and Thoresen, 1971; Beach 
and Tarney , 1978). Sighinolfi et al. (1981) sug-
1645
A.3- 3
1646 R. L. Rudnick, S. M. McLennan and S. R. Taylor
’ • o f  i r a n u lU .«  t e r r a in «  in  c o m p ila tio n .
S o u th e rn  I n d ia
Jequ l
(B
CompL 
nd ( Aj
***« * * t* . C o n d itio n «  
AACHCAN
s*o*c 7- 6 .5  n>
525*C 5 .9 - 1 0 .6  «6
600*C 6-5  n>*
735 t  «0*C 6 .« t i K&.
H yperatnefte  loom
900*C 6 .5 - 7 .0  A5J 
1000'C  5-10  KD*
?mrrtRozoic 
900 *C 10 K6%
ic a i  i« r t r i f l e «
mmmimr and T«rn«y (1900) 
f r l d «  ana k m c i* (1900) 
t o l l l n a o n  and W lndi«y (19006) 
)*««# e t  «1.  (1903)
Jann  and inan< (190«) 
lu d n lc a  ( unpuo. d a ta )
n a > « r  (1900)
C ondi« a t  a i .  (1962) 
C ondi« and A ll«n  (190«)
H urs t « t a i .  (1975)
H «i«r and Thor«»
'* * *  n « ta .  C ond ltlona  
»90TEN0Z0IC (c o n tln u a d )  
300*0 5 C6»
300- 1000*C 5-12 K6*
T00-775*C 5 .9 - 9 .9  Kb
300 *C 7-11 Kb
PHANEAOZOIC 
750*C 5 .9 -1 2 .9  Kb 
6*0-7 30 *C 5 .2 - 6 .5  Kb*
G eocnea ica l nmfmrmocm
imrttmr and CuMy ‘. '9 0 2 )  
Gray (1977)
A llan  (1979)
L au ts  and Spooner («973) 
L eu is  and Spooner (1973) 
L euia and Spooner 0  973) 
Leu I a  and Spooner 0  973) 
S n e ra to n  and B laca (1903)
N eC uilocn Bradanew and 
T ay lo r  ( I n  p r « p .)
S l f M n o i f l  (1971)
O oeta l and C aped rt (1979)
A d d itio n a l so u r c e s  o f  e e ta n o rp n ic  P-T d a ta t  'P e r c iv a l  (1 9 0 3 ); 'N ewton (1 9 6 3 ); ‘S n e ra to n  and C o l lo rs o n  (1 9 0 * ); 'G r i f f i n  a t  a i .  (1 9 7 8 ); ‘Baroey and 
Cuney ( 1 9 6 2 ) ; ‘C ray (1 9 7 7 ); ’te u to n  and H as« I to n  (1 9 6 1 ).
gested that the relatively high concentrations of LILE 
observed in Brazilian granulites may be a product of 
re-introduction due to retrogression. There are several 
difficulties with this. First, such an effect should be 
readily observable in thin section and should correlate 
with LILE concentration. Secondly, as noted by Iyer 
et a i (1984), the proposed Proterozoic retrogression 
would disturb the Rb-Sr isotope system, but this has 
not been observed. Although some granulites discussed 
here equilibrated at relatively low pressures and ret­
rograde effects are found, the majority of the data 
are representative of rocks which have equilibrated 
at deep levels in the crust and show few changes in 
their LILE concentrations due to retrogressive effects.
Methodology
Since it is unlikely that the exact protolith composition 
of a granulite facies rock will be known, the only reliable 
way of determining possible elemental depletions is through 
the comparison of granulite facies rocks with the compositions 
of unmetamorphosed rock types. The implicit assumption 
is that rocks in granulite facies terrains had similar origins 
to rocks which form near the surface of the earth, i.e.. 
granulites simply represent the metamorphosed equivalents 
of common igneous and sedimentary rock types. Due to the 
nearly ubiquitous occurrence o f sedimentary rocks in gran­
ulite facies terrains, this is probably a reasonable assumption.
Element ratios are one way of determining relative ele­
mental depletions due to metamorphism in given rock types. 
If a ratio is well known for common unmetamorphosed 
rock types (e . g K/Rb, Th/U), then comparison of such 
ratios with those of granulites can potentially document 
relative element depletions. However, for K/Rb and Th/U, 
it is possible that both elements in each ratio have experienced 
differential depletion. In this case, comparing a potentially 
mobile element with an inferred immobile element may 
provide a useful means of documenting element depletions. 
A difficulty with this approach is that ratios such as K/La 
and Rb/La vary enormously in common igneous rocks, thus 
making element mobility in metamorphism difficult to 
distinguish from original igneous variations. In the following 
section, we examine K/Rb and Th/U ratios of granulite 
facies rocks and compare them with the same ratios in
unmetamorphosed rocks. A comparison of K and Th to La, 
which is presumed to be immobile (i.e., neither depleted 
nor enriched), attempts to define the degree of K and Th 
depletions in granulites.
K AND Rb
Protolith concentrations
The K and Rb concentrations in granulites from 
the data set are presented in Fig. 1. Before generalized 
statements can be made about the effects of granulite 
facies metamorphism on K and Rb concentrations, 
the possible range of K/Rb ratios in unmetamor­
phosed rock types must first be known. Shaw (1968) 
compiled K and Rb data for a variety of igneous 
rock types and defined several igneous fractionation 
trends on a Rb vs. K plot. His main trend (“MT” in 
Fig. 2) represents the average of 12 linear regressions 
which characterize K and Rb concentrations in rocks 
ranging from granite to continental basalts. The field 
encompassing these 12 linear regressions is shown in 
Fig. 2. The “main trend” lies near a K/Rb ratio of 
230 and shows a slight decrease in K/Rb with increas­
ing K concentration. A second trend, which diverges 
to higher K/Rb ratios at very low K concentrations, 
is defined by ocean tholeiite basalts (“OT” trend on 
Fig. 2). Several igneous rock suites for which trace 
element data have become available more recently 
do not plot along any of Shaw’s trends: e.g., anor­
thosites, oceanic plagiogranites and low K rocks from 
modem island arc environments. A compilation of 
K and Rb concentrations in anorthosites by Du­
chesne and Demaiffe (1978) shows that many of 
these rocks have very high K/Rb ratios (some above 
1000) at K concentrations between 0.3 and 1.0 wt.%. 
While many of these anorthosites are found within 
granulite facies terrains, their K/Rb ratios are inter­
preted to reflect original igneous values (Duchesne 
and Demaiffe, 1978). Oceanic plagiogranites, found
A.3-4
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F ig . 1. Plot of Rb (ppm ) versus K  (wt.%) for (a— upper) Archean granulites and (b— lower) Post- 
Archean granulites listed in Table 1. Circles represent intermediate to felsic granulites (S i0 2 2 : 55%), 
squares represent mafic granulites (S i0 2 <  55%), and triangles represent metasediments. Open symbols in 
(a) are Scourian granulites o f Scotland.
as m inor components o f ophiolite sequences, also 
have elevated K /R b ratios which in some cases may 
be in excess o f 1500 (e . g Coleman and Donato, 
1979). Low K suites o f modern island arcs also show 
generally higher K /R b ratios than rocks used in 
Sh a w ’s (1 9 6 8 ) main trend. Figure 3 shows the vari­
ation in K /R b ratio with K 20  content for a variety 
of ot ogenic andesites (after Gill, 1981). Most andes­
ites in Fig. 3 have K /R b ratios higher than Shaw’s 
main trend, but in general, only andesites with K 20  
contents less than 1 wt.% have K /R b ratios above 
500. Some o f these andesites have K /R b ratios above
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Fig. 2. Plot of Rb (ppm) versus K (wt.%) showing Shaw’s 
main trend (MT) and ocean tholeiite trend (OT) compared 
with the “granulite trend” (GT) derived from the data in 
Fig. 1. Shaded field surrounding MT line represents field of 
12 linear regressions which were averaged by Shaw (1968) 
to obtain the MT line. Horizontal arrows represent the 
relative amounts and direction of Rb depletion caused by 
granulite facies metamorphism.
1000. Based upon this additional data, the held of 
K/Rb ratios characteristic of igneous fractionation 
processes should be extended to include higher 
K/Rb ratios at K concentrations between 0.1 and 1 
wt.% (i.e.. the region above the OT trend, at K/Rb 
<; 1000) .
Little work has been done to evaluate the systematic 
behavior of K/Rb ratios in sedimentary rocks. Al­
though both K and Rb are quite soluble in low 
temperature aqueous solutions, K/Rb ratios do not 
appear to be severely affected during most stages of 
continental weathering (Nesbitt et al., 1980). This 
is due to the relative stability of K-feldspar and high 
cation exchange capacity of the clay mineral alteration 
products of biotite and K-feldspar. Increases of K/ 
Rb ratio of less than 30% are most common, and 
even the most severely weathered residue will have
K/Rb ratios lower than the parent rocks by factors 
of less than 2-3. Thus, most shales have fairly 
constant K/Rb ratios of 1 CO-250, averaging about 
200, which are not greatly different from typical 
igneous rocks. Archean shales may have slightly 
higher K/Rb, averaging about 300, possibly reflecting 
a more mafic upper crust at that time (McLennan, 
1981).
Granulite concentrations
Following this summary of K and Rb concentra­
tions found in igneous and sedimentary rocks, we 
evaluate the degree of Rb and K depletion in granulites 
produced through metamorphism. Figure 1 shows 
Rb vs. K for Archean granulites (a) and post-Archean 
granulites (b). In this and subsequent plots, circles 
represent intermediate to felsic granulites (Si02 
> 55%), squares represent mafic granulites (Si02 
< 55%) and triangles represent granulites with sedi­
mentary protoliths (as determined by the original 
investigators listed in Table 1). The open symbols in 
Fig. la represent the Scourian granulites of Scotland.
This plot of K and Rb in granulites (Fig. 1) reveals 
several interesting features. First, the K/Rb ratio of 
granulites is related to absolute K concentration; 
granulites with K concentration > 1 wt.% have 
K/Rb ratios generally between 250 and 500 and plot 
within the field of Shaw’s main trend. Granulites 
with K concentrations < 1 wt.% have K/Rb com­
monly in excess of 500, and as high as 4700. These 
high K/Rb granulites overlap the K/Rb ratios char­
acteristic of anorthosites, but range to distinctly higher 
ratios than those of oceanic plagiogranites and low 
K island arc suites. (None of the low K granulites 
plotted are anorthosites or oceanic plagiogranites, so 
K/Rb ratios for these rocks are not considered relevant 
to the following arguments.)
2000
1000
K/Rb
Shaw’s Main Trend
2.0
wt. % K.O
Fig. 3. Plot of K20  (wt.%) versus K/Rb ratio for modem orogenic andesites (from G ill, 1981). Arrows 
indicate direction of increasing S i0 2 content. Note that, in general, K/Rb decreases with increasing K20  
content. Most andesites have K/Rb ratios that lie above the main trend, but very few have K/Rb ratios 
greater than 1000.
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At first glance, the K/Rb ratios for granuiites with 
K concentrations > 1 wt.% appear to require no 
metamorphic effects to explain their ratios; such K 
and Rb concentrations could reflect primary igneous 
fractionation processes. However, because the majority 
of these granuiites fall above the main trend line, 
and because case studies of individual terrains do 
show an increase of K/Rb correlative with granulite 
facies metamorphism (Lambert and Heier, 1967; 
Heier and Thoresen, 1971; Sighinolfi, 1971; Field 
and Clough, 1976), it appears that some depletion 
of Rb has occurred in these rocks. Comparing the 
mean K/Rb ratio for granuiites with K > 1 wt.% 
(about 300) to the main trend K/Rb ratio for similar 
K concentrations (about 230 at 2.5 wt.% K) yields 
an average increase in K/Rb by a factor of 1.3, which 
may be attributed to granulite facies metamorphism.
This Rb depletion, however, is small when com­
pared with Rb depletion in granuiites with K < 1 
wt.%. Felsic granuiites with high K/Rb and low K 
come mainly from Archean terrains (Fig. la). (Pro­
terozoic felsic granuiites from southern Norway also 
exhibit extremely high K/Rb ratios (Cooper and 
Field, 1977), but are not plotted here because only 
average values were reported.) Unmetamorphosed or 
low-grade Archean and Proterozoic low K felsic rocks 
have K/Rb ratios which fall near Shaw’s main trend 
(e.g., ARTH et al., 1977; Jahn et al., 1981; Bickle 
et al., 1983; Martin et al., 1983; Hunter et al., 
1984) unlike modem low K island arc suites, and we 
may assume that the Archean granulite protoliths 
with <1% K had similar K/Rb ratios (about 300, 
Jahn and Su n , 1977). Therefore, the K/Rb ratios 
for granuiites with <1% K show an increase in 
K/Rb ranging from 1.7 to 17. It seems clear that 
granuiites with lower K concentrations underwent 
proportionally greater Rb depletion than granuiites 
with higher K concentrations.
Archean granuiites form the greatest proportion of 
granuiites with high K/Rb ratios (Fig. 1). Investigations 
of several of these depleted granulite facies terrains 
suggest that significant melt extraction has not oc­
curred, and fluxing of C 02-rich fluids has been pro­
posed as the most likely process responsible for the 
LILE depletion (Weaver and Tarney, 1980, 1981; 
Sheraton and Black, 1983; Jahn and Zhang , 
1984). In support of this model, the ubiquitous 
occurrence of high density C02-rich fluid inclusions 
in granulite facies rocks is often cited. However, the 
presence of C02-rich fluid inclusions is not limited 
to granuiites with very high K/Rb ratios. High- 
density, C 02-rich fluid inclusions occur in granuiites 
of the Kapuskasing Structural zone, Ontario (Rud- 
nick et al., 1984) and in granuiites of southern India 
(Janardhan et al., 1983; Hansen et al., 1984). The 
Kapuskasing granuiites do not exhibit high K/Rb 
ratios, while southern Indian granuiites show high 
K/Rb ratios only in some of the highest pressure 
granuiites (Hansen et al., 1984). Therefore, either
the presence of C02 fluid inclusions does not imply 
C02 fluxing, and/or C02 fluxing alone is not the only 
factor causing an increase in K/Rb ratios of granuiites. 
While both may be true, the second alternative gains 
support by the apparent compositional dependence 
of K/Rb in granuiites. If C02 fluxing were the only 
cause of increased K/Rb ratios, one would not expect 
to see the K/Rb ratio co-vary with K concentration.
The restriction of high K/Rb ratios to granuiites 
with K concentrations < 1 wt.% suggests a mineral- 
ogical control; a conclusion reached by several inves­
tigators of LILE in granuiites (Heier, 1973; Tarney 
and Windley, 1977; Rollinson and WiNDLEY, 
1980a). In high K igneous rocks, most of the K will 
be in K-feldspar, which should be stable throughout 
granulite facies metamorphism, provided no melting 
occurs (Bohlen et al., 1983). Ratios of partition 
coefficients (KD, where KD = concentration in crystal/ 
concentration in silicate melt) for K and Rb can be 
used to evaluate the relative partitioning behavior of 
these elements in different minerals. The higher the 
ATo/Rb values, the greater the affinity of the mineral 
for K over Rb. Even though these values are for 
partitioning between minerals and silicate melt, we 
assume they provide an estimate of the relative 
partitioning behavior of K and Rb between minerals 
and fluids during metamorphism. K-feldspars in 
equilibrium with silicic melts have /Co/Rb = 2.0 to 
3.0, with the average A^/Rb equal to 2.5 (n = 24) 
(Philpotts and Schnetzler, 1970; Long, 1978). 
In addition, mineral/vapor partitioning experiments 
between sanidine and aqueous chloride fluid show 
Kp'Rb = 2.2 to 5.9 (Beswick, 1973). Carron and 
Lagache (1980) found that Kpb in potassium feldspar 
is close to, but below, one (~0.8). Therefore, if an 
originally Rb-poor aqueous fluid equilibrates with K- 
feldspar, and is then removed, it will lower the Rb 
content of the rock and increase the K/Rb ratio 
slightly. This may explain the higher K/Rb ratios, 
compared with Shaw’s main trend, in granuiites with 
K > 1%.
In low K rocks, a significant proportion of the 
whole-rock K may be incorporated into mafic phases 
such as biotite prior to metamorphism. At granulite 
facies pressures and temperatures, biotite plus quartz 
will break down under high acoi to enstatite, sanidine 
and vapor (Bohlen et al., 1983). Because biotite will 
contain proportionately more Rb than K-feldspar 
due to its large, 12-fold coordination cation sites 
(Afo/Rb between phlogopite and aqueous chloride so­
lution = 0.78 to 1.56 (Beswick, 1973)), this reaction 
will lead to a dramatic increase in the K/Rb ratio of 
the rock (as suggested by Heier, 1973). This process 
may explain the very high K/Rb ratios of granuiites 
with low K contents.
The above discussions suggest that Rb is depleted 
relative to K during granulite facies metamorphism. 
Evaluating whether K is depleted is more difficult. 
One possible way of doing this is by comparing
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Fig. 4. Plot of La (ppm) versus K (wt.%) for (a—upper) granulites and (b— lower) common igneous 
rocks (data sources used for (b) available from the authors). Symbols as in Fig. 1, except open symbols 
represent Archean rocks, filled symbols are post-Archean rocks.
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granulite K concentrations to the concentration of a 
presumed immobile element, such as La. Fig. 4a 
shows La vs. K for the granulites listed in Table 1 
(where La data are available). Fig. 4b shows La vs. 
K for common igneous rock types of all ages. Unlike 
Rb vs. K, La and K do not behave coherently during 
igneous fractionation and do not produce a narrowly- 
defined trend. The granulite data also scatter and 
show complete overlap with the igneous data. Based 
upon this, no inference regarding the effects of meta­
morphism on K can be made. It seems that only 
very general and qualitative inferences can be made: 
the very low K content that is characteristic of some 
Archean felsic granulites (particularly those from the 
Scourian, Qianxi and Enderby Land terrains), is only 
rarely observed in unmetamorphosed Archean felsic 
rocks. This may suggest that these granulites may 
have lost K during metamorphism, however more 
data for unmetamorphosed Archean felsic rocks is 
needed in order to rule out sampling bias.
Figure 2 shows the proposed granulite trend as 
defined by the data in Fig. 1. The arrows indicate the 
relative direction and magnitude that K/Rb ratios 
move during granulite facies metamorphism (note 
that the arrows could point slightly downwards, in­
dicating slight K depletion, but we are not able to 
say definitively whether, or how much, K depletion 
has occurred). Granulite facies terrains with very 
high K/Rb ratios are mainly Archean, reflecting the
higher proportion of sodic granites in Archean terrains, 
however, the Scourian granulites appear to represent 
a special case. Most have less than 1% K and very 
high K/Rb ratios and the few Scourian granites, with
3- 4% K, all have K/Rb ratios greater than 500 (Fig. 
la) (Rollinson and W ind ley , 1980a, b) and fall to 
the left side of the granulite trend. Therefore, the 
Scourian granulites appear to be the most depleted 
granulites in the data set. In this respect, as in Sr 
isotopic systematics (Ben Oth m a n  et al., 1984; Ta y ­
lor and McLe n n a n , 1985), the Scourian represents 
a unique granulite facies terrain and cannot be con­
sidered representative.
Th AND U
Th concentrations in igneous rock types range 
from very low values in basalts (<0.1 ppm, with 
Th/U ^  1.4 (Jochum  et al., 1984)), to 60 ppm Th 
in granites (with Th/U ^  6 (Rogers and Adam s, 
1978)). Most igneous rock types have Th/U ratios 
that fall between 3.5 to 4.0 (Rogers and Adam s, 
1978), with a general trend of increasing Th/U ratio 
with increasing Th concentration (hence differentia­
tion) (Jo chum  et al., 1983; Rogers and Adam s, 
1978). Th/U ratios of sedimentary rocks typically 
range from about 2 (for some island-arc greywackes) 
to about 10. Most shales have Th/U ratios of about
4 - 6 (M cLen na n  and T aylor , 1980).
Fewer data are available for Th and U concentra-
*. •
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FlG. 5. Plot of U (ppm) versus Th (ppm) for granulites listed at right side of figure. Symbols as in Fig. 1.
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tions in granulite facies rocks than for K. and Rb, 
but the available analyses are plotted in Fig. 5. 
Although scattered, the data form a continuum from 
low to high Th and U concentrations, with the Th/ 
U ratio apparently correlative with absolute concen­
tration. Th/U ratio exceeds 10 generally only at U 
concentrations > 0.5 ppm.
This plot shows clearly that most granulites exhibit 
U depletion relative to Th, as evidenced by Th/U 
ratios > 4. Dostal and Capedri (1978) have sug­
gested a mechanism for this depletion whereby U, 
concentrated along mineral grain boundaries in rocks 
up to amphibolite facies, is lost to fluids during 
granulite facies metamorphism. Th, which is con­
tained primarily in mineral lattice sites, is not readily 
leached. However, U loss may also occur in amphib­
olite facies rocks. For example, the Amitsoq gneisses 
of Greenland exhibit very low Th and U concentra­
tions and unradiogenic Pb (T a y l o r  et al., 1980) and 
show no evidence of having reached granulite facies 
conditions (La m b e r t  and Ho l l a n d , 1976). The Th/ 
U ratio of these gneisses is very low, indicating that 
Th and U were lost in similar proportions.
Figure 6 shows Th versus La for the granulite data 
set. The data show large scatter, but a general trend 
of increasing La/Th ratio with decreasing La concen­
tration is apparent. This type of trend might be 
expected to be produced through igneous fractionation 
processes since Th is, in general, less compatible than 
La. However, the very high La/Th values of many 
of the felsic granulites (particularly the Scourian) are 
larger than typical La/Th ratios for intermediate to 
felsic igneous rocks (La/Th = 1-10 for island arc 
lavas (G ill, 1981) and La/Th = 2.7-3.6 for sediments 
(M c Le n n a n  et al., 1980), which reflect upper crustal 
values). Therefore, it appears that some granulites 
are Th depleted.
The behavior of Th and U in granulite facies rocks 
can be summarized by plotting La/Th versus Th/U
Fig. 6. Plot of La (ppm) versus Th (ppm) for granulites. 
Symbols as in Fig. 1.
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Fig. 7. La/Th ratio versus Th/U ratio for felsic granulites 
(all Archean). Box at left represents field o f common igneous 
rocks (excluding MORB, which have La/Th >  10). The 
negative correlation is simply a function of Th being plotted 
on both axes. Granulites plotting above box have lost U 
relative to Th. Granulites plotting right o f box have lost 
both Th and U (see text). All data determined either by 
instrumental neutron activation analysis or spark source 
mass spectrometry.
(Fig. 7). The box on the left side of the diagram 
represents the field of igneous rock types; few gran­
ulites fall within this box. Granulites plotting above 
the box have experienced U depletion with little to 
no Th depletion. Granulites plotting to the right of 
the box have experienced both Th and U depletion, 
and in some cases, more Th is lost than U (causing 
the Th/U ratio to be <4). It is not likely that the 
felsic granulites falling to the right of the box have 
only experienced Th depletion without U depletion, 
because the absolute concentration of Th and U in 
these rocks is extremely low (<0.5 ppm for both 
elements in all cases), indicating that both have been 
depleted. These granulites with low Th and U con­
centrations may be reflecting retention of Th and U 
in resistant accessory phases such as zircon (with 
Th/U = 0.1-3.5 (Speer , 1980; Bl a c k  et al., in 
prep.)), apatite (Th/U = 1.8—4.5 (Sa w k a  and C h a p­
pell , 1985; Sa w k a , pers. commun.)) or sphene (Th/ 
U = 1-11 (D eer  et al., 1982; Sa w k a  and C h a ppe l l , 
1985)), all of which may be preserved during granulite 
facies metamorphism (H e l l m a n  and G r e e n , 1979; 
D eer  et al., 1982).
In summary, most granulites exhibit U depletion, 
while only some granulites are depleted in Th. The 
degree of U and Th depletion will depend upon; 1) 
the position of U and Th in the protolith (i.e., are 
the elements in lattice sites or on grain boundaries), 
2) the presence of a fluid phase to transport the 
elements out of the rocks, 3) the stability of various 
accessory phases during granulite facies metamor­
phism.
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CONCLUSIONS
(1) The abundances of Rb, Th and U in granulite 
facies rocks show widely variable degrees of depletion 
compared to those in unmetamorphosed rocks of 
similar major element composition.
(2) K/Rb ratios of granulites, although usually 
higher than in unmetamorphosed rocks, only reach 
very high values (>750) when the K concentration 
is <1%.
(3) The dependence of K/Rb with K content 
indicates that both protolith composition and min­
eralogy are factors in controlling Rb depletion in 
granulites. Rb is excluded relative to K in lattice 
sites. For rocks with low K concentrations, and hence 
no major K-bearing minerals, the large cation Rb is 
likely to be extremely mobile.
(4) Scourian granulites have higher K/Rb ratios 
than granulites from other terrains.
(5) It is difficult to document K depletion in 
granulites; K/La ratios in granulites show complete 
overlap with K/La of igneous rocks.
(6) Most Th/U ratios in granulites are >4, indic­
ative of U loss relative to Th.
(7) Felsic granulites with low Th/U ratios have 
high La/Th ratios, indicating that these rocks are 
depleted in Th. Their very low Th and U abundances 
reflect loss of both elements.
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Geochemical constraints on the origin of Archaean 
tonalitic-trondhjemitic rocks and implications for 
lower crustal composition
R.L. Rudnick & S.R. Taylor
SU M M A R Y : The rare earth element (REE) concentrations of high-grade trondhjemitic 
gneisses from the Archaean Kapuskasing Structural Zone, central Ontario, are similar to 
REE concentrations of Archaean tonalites and trondhjemites world-wide: REE patterns are 
steeply fractionated ((La, YbN = 20-100). with variable positive Eu anomalies and fractio­
nated HREE ((Gd/Yb)s = 2—4). Calculated models for the melting of a mafic source with a flat 
REE pattern and variable mineralogy show that amphibole alone is not capable of producing 
the large amount of REE fractionation observed in Archaean tonalites; garnet amphibolite 
(with > 20% garnet), mafic garnet granulite or eclogite are the most likely sources. The 
presence of garnet constrains the mafic source to be within the lower crust (deeper than 25 km) 
or upper mantle. Such crustal or upper mantle melting depths are not geochemicaily 
distinguishable, yet have important implications for the composition of the Archaean lower 
crust.
Introduction
Rocks which have equilibrated at lower crustal 
conditions are available from; (1) granulite-facies 
metamorphic terrains and (2) granulite-facies 
xenoliths in alkali basalts. Rocks from these two 
sources show marked differences in overall com­
position, and hence in mineralogtcal, chemical 
and physical properties. Granulite-facies meta­
morphic terrains possess a variety of lithologies, 
ranging from ultramafic to silicic, including sedi­
mentary, but tend to be dominated by felsic 
compositions. This is particularly true of 
Archaean granulite facies terrains, e.g. Scourian 
gneisses of Scotland (Weaver & Tarney 1980. 
1981), south Indiangranulites(Condieera/. 1982; 
Janardhan et al. 1982), Napier complex in 
Enderby Land, Antarctica (Sheraton & Black 
1983), Qianxi Group gneisses, China (Jahn & 
Zhang 1984), where rocks of the granodiorite- 
tonalite-trondhjemite suite are pervasive.
In contrast, lower crustal xenoliths are domi­
nantly mafic in composition, for example Lesotho 
xenoliths, southern Africa (Griffin et al. 1979; 
Rogers & Hawkesworth 1982), Colorado Plateau 
xenoliths (Arculus & Smith 1979), Chilean xeno­
liths (Selverstone 1982), Aleutian xenoliths 
(Francis 1976), eastern Australian xenoliths (Kay 
& Kay 1981; Griffin & O’Reilly, this volume; 
Arculus et al. 1986). Mestasedimentary xenoliths 
are present only locally, as in the Massif Central 
xenolith suite (Leyreloup et al. 1977) or Kil- 
bourne Hole, New Mexico (Padovani & Carter 
1977). The compositional discrepancy between 
these two lower crustal rock types leads us to 
question which is the best representative of the 
present-day lower continental crust.
Granulite-facies terrains with large amounts of 
supracrustal rocks (e.g. sediments and K-rich 
igneous rocks) cannot be representative of the 
Archaean lower crust because of their high 
concentrations of heat producing elements, which 
would produce a higher heat flow than is 
observed in most Archaean terrains (Morgan 
1984). However, granulite terrains dominated by 
Na-rich felsic rocks are possible lower crustal 
candidates because of their inherently lower 
proportions of heat producing elements and their 
intrusive nature. Yet such high silica rock types 
are very rare in lower crustal xenolith suites, even 
in suites from pipes which erupt through Precam- 
bnan crust, such as the Palaeozoic alkali basalts 
from Scotland (Upton et al. 1983) and the 
Cretaceous kimberlites of southern Africa 
(Rogers & Hawkesworth 1982), where mafic 
granulites dominate the lower crustal xenolith 
suites. This discrepancy suggests that either:
(1) The Archaean lower crust is primarily mafic, 
but these rocks are not observed in appreciable 
volumes in most Archaean granulite facies ter­
rains. This may be due to their higher densities, 
which would tend to inhibit tectonic uplift,
(2) mafic lower crustal xenoliths coming from 
Archaean crustal segments may represent 
younger additions to the crust by intrusion of 
mafic magmas into a dominantly tonalitic lower 
continental crust, or
(3) the basaltic lavas carrying xenoliths sample 
selectively. Silicic rocks may be present, but for 
some reason are not carried to the surface.
It is the purpose of this paper to review trace 
element characteristics of Archaean tonalite- 
trondhjemite rocks world-wide, incorporating 
new data from the Kapuskasing Structural Zone,
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central Ontario. By doing this we hope to con­
strain the possible origins of these volumetricaily 
important rocks. Understanding the origin of 
Archaean tonalitic rocks may help reconcile the 
compositional differences observed between gra- 
nulite-facies terrains and lower crustal xenoliths.
Data sources
The tonalitic gneiss samples investigated here 
come from areas of granulite to amphibolite 
facies within the Kapuskastng Structural Zone 
(KSZ) of central Ontario. The KSZ represents a 
linear shear zone along which high-grade 
Archaean gneisses are juxtaposed against greens- 
chist facies rocks of the Abitibi greenstone belt. 
Because the metamorphic grade decreases gra­
dually to the west within the KSZ. where it forms 
an indistinct boundary with rocks of the Michipi- 
coten greenstone belt, the KSZ is interpreted to 
represent an oblique cross section through the 
Archaean crust (Percival & Card 1983). Maxi­
mum metamorphic pressures and temperatures of 
8.4 kbars and 800°C occur adjacent to the fault 
boundary. More detailed information on the 
geology, metamorphic history and age of the 
KSZ is found in Percival (1983), Percival & Card 
(1983), Percival & Krogh (1983) and Rudnick et 
al. (1984). Rocks of the tonalite-trondhjemite 
suite predominate in the central portion of the 
KSZ and remain an important rock type in the 
lower crustal sections. Because of sample hetero­
geneity, samples >0.5 kg were used, but some 
heterogeneities are on such a large scale that 
representative sampling becomes impossible.
Additional REE geochemical data for 
Archaean tonalite-trondhjemite rocks were 
obtained from the literature. Specific terrains 
incorporated in this review include: southern 
India (3.4 Ga, Condie et al. 1982), Finnish 
Lapland (3.0 Ga, Jahn et al. 1984), the Ancient 
Gneiss Complex, Swaziland (3.0 Ga, Hunter et al. 
1978,1984), eastern Finland (2.9 Ga. Martin et al. 
1983), Scourian granulites. Scotland (2.9 Ga, 
Weaver & Tarney 1980, 1981; Pride & Muecke 
1980), Nuk gneisses, Greenland (2.7-3.0 Ga, 
Compton 1978) and the Qianxi Group gneisses, 
China (2.5 Ga, Jahn & Zhang 1984). All of these 
Archaean terrains possess significant volumes of 
tonalite-trondhjemite gneisses, of variable meta­
morphic grade. Many of these gneisses have 
highly fractionated REE patterns (Fig. 2), which 
seem to be characteristic of this rock type in the 
Archaean. Relatively few post-Archaean tona- 
lites possess such highly fractionated REE 
(notable exceptions are the 1.8 Ga tonalites and 
trondhjemites of southwest Finland (Arth et al. 
1978)).
Geochemistry
Major elements were determined from micro­
probe analyses (Reed & Ware 1973) on rock 
powders fused and quenched to glass under 
positive Ar pressure on molybdenum strips. 
Trace elements were determined using spark 
source mass spectrometry as outlined in Taylor & 
Gorton (1977). Precision and accuracy for these 
elements is better than 5°;,.
Major and trace element analyses for the KSZ 
felsic gneisses are presented in Table I. These
T able 1. Major and trace element 
geochemistry of KSZ trondhjemites
2-2-1 2-3-1 8-17-10
SiO: 71.46 69.02 68.99
TiO' 0.20 0.27 0.55
A1:0 , 15.92 16.62 16.38
FeO* 2.38 2.95 2.91
MnO — — —
MgO 1.00 1.19 1.92
CaO 3.06 4.09 3.31
Na:0 4.48 4.42 4.27
K-Ö 1.38 1.34 1.70
P :Os 0.17 0.17 0.22
TOTAL 100.05 100.07 100.25
Rb 46 39 54
Y 2.8 6.2 3.1
Zr 51 142 260
Nb 5.1 4.7 3.5
Cs 3.8 1.2 0.7
Ba 334 687 2140
La 11.4 14.9 44.0
Ce 21.3 29.9 85.8
Pr 2.27 3.32 7.48
Nd 8.20 13.0 26.2
Sm 1.21 2.14 3.31
Eu 0.45 0.71 1.07
Gd 0.83 1.66 1.13
Tb 0.10 0.25 0.17
Dy — 1.36 —
Ho 0.09 0.24 0.14
Er 0.22 0.53 0.31
Yb 0.21 0.51 0.27
Hf 2.0 3.7 4.4
Pb 12.2 4.0 7.4
Th 3.75 1.46 4.91
U 0.59 0.17 0.31
K/Rb 249 285 261
Th/U 6.3 8.6 15.8
(La/Yb)N 37 20 110
(Gd/Yb)N 3.2 2.6 3.4
* Total Fe as FeO. 
— Not detected.
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KSZ Trondhjemites
□ 2 - 2-1
°  2 - 3-1
Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Fig. 1. Chondrite normalized REE and Ba concentrations for three KSZ trondhjemitic gneisses. Normalizing 
values from Taylor & McLennan (1985).
gneisses are tonalitic to trondhjemitic in composi­
tion with SiCb between 60 and 71%, and high 
ATO, (15.9-16.6%). MgO (1-1.9%), CaO (3— 
4%), Na:0  (4.4—4.7%) and K:0  (1.3-1.7%) con­
centrations allow these rocks to be classified as 
trondhjemites (Barker 1979), yet when the CIPW 
normative feldspar contents of these rocks are 
plotted on the triangular silicic igneous rock 
classification diagram of Barker (1979), all of the 
KSZ rocks plot within the tonalite field. On an 
AFM diagram the KSZ felsic gneisses plot near 
the calc-alkaline trend, similar to tonalitic 
gneisses from other Archaean high-grade terrains 
(Sheraton et al. 1973; Hunter el at. 1978; Jahn & 
Zhang 1984).
The KSZ tonalitic rocks have variable Rb. Ba, 
Cs, Th and U concentrations. K, Rb ratios for the 
tonalites range from 250 to 285. Therefore, the 
KSZ tonalitic gneisses do not show the significant 
depletion of Rb relative to K, which has been 
observed in several granulite-facies terrains (e.g. 
Scourian granulites of Scotland (Weaver & Tar- 
ney 1980) and Qianxi granulites of China (Jahn & 
Zhang 1984)). Th/'U ratios for the tonalites vary 
from 6.3 to 15.8. As such high Th/U ratios are 
extreme for unmetamorphosed tonalitic rocks, it
appears U was variably depleted relative to Th in 
the KSZ gneisses.
Fig. 1 shows the chondrite-normalized REE 
plus Ba patterns for the KSZ tonalites. These 
samples have highly fractionated REE with (La/ 
Yb)N ratios between 21 and 109, slight to large 
positive Eu anomalies and (Ba/La)N ratios greater 
than three. These features are very common in 
tonalitic rocks of Archaean high-grade terrains 
world wide (Fig. 2). Because of their similarities 
with Archaean tonalitic rocks from other areas, 
the petrogenesis of the highly fractionated KSZ 
tonalites (2-2-1, 2-3-1 and 8-17-10) will be dis­
cussed along with data from other localities in an 
attempt to define a general model for tonalite 
origin.
Petrogenesis of felsic gneisses
Partial melting of a mafic rock is the model of 
tonalite genesis preferred by most workers. Crys­
tal fractionation of a mafic magma is a less 
preferred model, due to the lack both of signifi­
cant volumes of intermediate igneous rocks in 
Archaean terrains (Condie et al. 1982) and of any 
recognizable cumulate material (Weaver & Tar-
A.4- 5
182 R.L. Rudnick & S.R. Taylor
ANCIENT GNEISS COMPLEX, 
SWAZILAND
FINLAND
SCOURIAN,
SCOTLAND
SOUTH INDIA
QIANXI GROUP, CHINA NUK GNEISSES, 
GREENLAND
Ba La Ce Pr Nd Sm EuGd Tb Dy Ho Er Yb Ba La CePr Nd Sm EuGdTb Dy Ho Er Yb
Fig . 2. Chondrite normalized REE and Ba concentrations for Archaean tonalite-trondhjemite rocks world­
wide. Data sources: Ancient Gneiss Complex values from Hunter et al. (1978, 1984); Finland values from 
Martin el al. (1983); Scourian values from Weaver & Tamey (1980) and Pride & Muecke (1980); south 
Indian values from Condie et al. (1982); Qianxi Group gneiss values from Jahn & Zhang (1984); and Nuk 
gneiss values from Compton (1978). Chondrite normalizing values are from Taylor & McLennan (1985).
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ney 1984). Specifically, three types of mafic source 
material are invoked:
(1) amphibolite, with or without garnet (Hunter 
etal. 1978; 0 ’Nions&Pankhurst 1978; Jahn etal. 
1981; Martin et al. 1983; Hunter et al. 1984; 
Sheraton & Collerson 1984; Jahn et al. 1984);
(2) mafic garnet granulite (Condie & Hunter 
1976; Weaver & Tamey, 1980; Gower et al. 1982); 
and
(3) eclogite (Arth & Hanson 1975; Condie & 
Hunter 1976; Hanson 1978; Weaver & Tarney 
1980; Jahn et al. 1981; Jahn et al. 1984).
In an attempt to distinguish which source 
material is the most reasonable for the K.SZ 
tonalites, and Archaean tonalites in general, the 
compositions of liquids derived from 20% melting 
of each source were calculated. The calculations 
presented here utilize experimental data and 
actual modal analyses from the literature to 
define the mineralogy of mafic rocks at various 
pressures and temperatures of equilibration and 
the melt proportions of those phases. Most 
geochemical modelling of this sort can only be 
used to place gross constraints on parent rock 
compositions and mineralogy, and this is ail that 
is attempted here. It is shown that by varying 
different parameters of the batch melting equa­
tion (i.e. REE content of parent material and 
partition coefficients), all three proposed litholo­
gies are potential sources for Archaean tonalites. 
However, observations on the geochemical 
nature of mafic rocks from Archaean terrains are 
used in conjunction with the partial melting 
calculations to rule out certain source materials.
In all models detailed below, equilibrium melt­
ing is assumed (equation 5 of Hanson 1978) and 
the REE pattern for the parent rock is taken as 
twenty times chondritic. Qualitative arguments 
are provided to show the effects of changing the 
relative REE fractionation of the source rocks, 
and the feasibility of these source compositions 
are evaluated. These calculations are similar to 
those done by Hanson (1980), and yield similar 
results, except that we have used garnet in our 
mafic granulite composition. Garnet is a stable 
solidus phase in mafic rocks which lie below 25- 
41 km, depending on the amount of water present 
(Green 1982).
REE partition coefficients (listed in Table 2) 
were taken from the literature and span the range 
for rocks of andesitic to dacitic compositions. In 
this way, the REE partitioning behaviour in a 
range of possible melt compositions are eva­
luated. Because the partition coefficients (KDs) 
exert a strong control on the calculated trace 
element composition of partial melts, a discussion 
of the applicability of the available KDs is war­
ranted. Many mineral KDREE show changes in
overall values and slight changes in REE pattern 
corresponding to changes in mineral and melt 
compositions (see KD patterns reported in Fuji- 
maki et al. 1984 and Irving & Frey 1978). The 
most important of these for our purposes is the 
variation observed in KD of garnets. Pyrope has 
lower Kdree and no Eu anomaly compared with 
almandine. which has higher Kdree and variable 
negative Eu anomalies (Irving & Frey 1978). It is 
not clear whether these differences in KD are 
attributable to differences in garnet composition 
or differences in the equilibrium melt composi­
tion. In all likelihood, both exert a control. This 
leads to the dilemma of which garnet K.Ds to use 
when modelling partial melting of a mafic source 
(which will have garnets with compositions lying 
between the pyrope-almandine end members, 
with variable amounts of grossular component 
(Deer et al. 1982)) to produce a silicic melt (NB, 
all available pyrope KdS are for pyrope in 
equilibrium with mafic melts). Since the REE K d 
patterns for both pyrope and almandine are 
nearly parallel, choosing one over the other will 
not affect the REE pattern of the partial melt 
(except for Eu), but will shift the absolute concen­
tration up or down. The negative Eu anomaly 
observed in REE KD patterns for almandine was 
suggested by Irving & Frey (1978) to be either an 
artifact of early plagioclase crystallization, or due 
to the larger size of Eu2+ relative to the small +3 
REE, causing Eu2+ to be excluded from the 
garnet cation sites. The second alternative gains 
support when one compares the KdS of Sr2+ 
(which is similar in size and charge to Eu2+) with 
those of Sm and Gd (which bracket Eu) in garnet. 
While KDSr is low (0.0154 for almandine in dacite 
(Philpotts & Schnetzler 1970)), KDSm-Gd are large 
(0.76— 14.99 for almandine in andesite-rhyodacite 
(Irving & Frey 1978)). This partitioning data 
suggests that Eu2+ will partition into garnets less 
strongly than the 3 +  REE. The apparent correla­
tion of the size of the Eu anomaly with silica 
content of the coexisting melt suggests that the Eu 
anomalies in garnet KqS may be real. Möller & 
Muecke (1984) have recently suggested, on a 
theoretical basis, that Eu2+ will partition more 
strongly into a polymerized melt than EuJ+. 
Thus, more silicic melts will take in Eu2+ relative 
to 3+  REE, creating negative Eu anomalies in 
the coexisting mineral phases. Because we are 
modelling the evolution of a silicic melt, we will 
use the almandine/felsic melt KdS rather than the 
pyrope/mafic melt KdS of Irving and Frey (1978) 
in our trace element models.
Amphibolite source
Helz (1976) provides data on stable mineral
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Table 2. Parameters used in batch melting calculations
Partition coefficients
Andesite Dacite
Pc' Hb' ■ Gar2 Cpx‘ Opx' Pc' HbJ Gar2 Cpx‘ Opx1
La 0.302 0.366 0.076 0.047 0.031 0.390 (0.40) 0.37 0.015 0.015
Ce 0.221 0.574 (0.12) 0.084 0.028 0.251 0.90 0.53 0.044 0.016
Nd 0.149 1.012 (0.50) 0.183 0.028 0.189 2.80 0.81 0.166 0.016
Sm 0.102 1.366 1.25 0.377 0.028 0.137 3.99 5.50 0.457 0.017
Eu 1.214 1.212 1.52 (0.500) 0.028 1.113 3.44 1.37 0.411 (0.022)
Gd 0.066 1.490 5.20 0.583 0.039 0.120 5.47 13.6 0.703 0.027
Ho (0.047) (1.554) 23.8 (0.741) (0.114) (0.117) (6.06) 31.1 (0.738) (0.057)
Yb 0.041 1.488 53 0.633 0.254 0.132 4.90 26.0 0.640 0.115
Modal mineralogies (X,) and melt proportions (P,)
Amphibolite Garnet granulite Eclogite
1 2  1 2  1 2
X, P, X, P, X, P, X, P; X, P, X, P,
Pc 45 92 34 92 21 85 20 70 — — — —
Hb 55 8 66 8 — — — — — — — —
Gar — — — — 29 7.5 46 10 11 11 33 33
Cpx — — — — 50 7.5 26 10 89 89 67 67
Opx — — — — — — 5 10 — — — —
Amphibolite 1 = Picture Gorge basalt from Helz (1975); Amphibolite 2=  1921 olivine tholeiite 
from Helz (1975); Garnet granulite 1 =PHN 1646 from Griffin et al. (1979); Garnet granulite 
2 = L20 from Griffin et al. (1979); Eclogites 1 and 2 represent range of modal mineralogies of 
natural eclogites from Apted (1981). Modal mineralogies and melt proportions expressed in 
weight percent.
Source of partition coefficients: 1 Fujimaki et al. 1984, 2 Irving & Frey 1978, 1 Arth & Barker 
1976.
( ) = interpolated value.
assemblages and mineral melt proportions for 
various degrees of partial melting of amphibolite 
(olivine tholeiite and quartz tholeiite composi­
tions) at 5 kbars water pressure. The relevant 
mineralogies and melt proportions at 20% batch 
melting are listed for both compositions in Table 
2, along with the range and source of partition 
coefficients used. The REE patterns of the derived 
melts are slightly LREE enriched, with variable 
positive and negative Eu anomalies (Fig. 3a). It 
can be seen that batch melting of an amphibolite 
with a chondritic REE pattern is not capable of 
producing either the high (La/Yb)N ratios 
observed in many Archaean tonalites, or the 
fractionation within the HREE observed in 
Archaean tonalites (best described by the (Gd/ 
Yb)N ratio which is typically between 2 and 8 for 
Archaean tonalites and trondhjemites (Fig. 4b)).
If the (La/Yb)N and (Gd/Yb)N of the parent 
amphibolite is increased, then amphibolite could 
be parental to fractionated tonalites. For exam­
ple, if the source has (La/Yb)N = 4, the melt can 
have (La/Yb)N up to 40 (Jahn et al. 1984). 
However, because of the inability of amphibole to 
fractionate the HREE relative to one another, the 
mafic source would have to have the same (Gd/ 
Yb)N ratio as that observed in the derived melt. 
Such high (Gd/Yb)N ratios are generally not 
found in Archaean mafic rocks (see Sun & Nesbitt 
1978; Sun 1984), consequently these fractionated 
sources are not feasible parents for the massive 
volumes of tonalite found in Archaean terrains. 
Therefore, residual amphibole alone cannot pro­
duce the HREE depletion in tonalites. The only 
way in which amphibolite could be parental to 
fractionated tonalites is if it possesses significant
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• o 4SX Pc, 55% Hb
•  o 34% Pc, 66% Hb
AMPHIBOLITE
SOX Cpx
26X Cpx, 46X Gar
GARNET GRANULITE
• o 11X Gar, 89X Cpx
• o 33X G ar, 67% Cpx
ECLOGITE
La Ce Pr Nd Sm  Eu Gd Tb Dy Ho Er Tm Yb
Fig. 3. Calculated REE patterns of melts derived from 20% equilibrium partial melting of (top) amphibolite, 
(middle) mafic garnet granulite and (bottom) eclogue. Circles represent calculated melts using andesite 
partition coefficients; squares represent calculated melts using dacite partition coefficients. Parameters used in 
calculations are given in Table 2.
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amounts of garnet; at least 20% garnet is required 
to produce the necessary fractionations in a 
chondntic parent (Fig. 4).
Garnet granulite source
There is a notable lack of experimental data 
defining the melting behaviour of mafic garnet 
granulites. Even so, provided the modal propor­
tions used for the parent composition are reason­
able, large variations in mineral melt proportions 
have little effect on the calculated REE composi­
tions of the melt. To model partial melting of 
garnet granulites, parental mineral modes were 
taken from the literature. Most rocks of basaltic 
composition have between 20 and 45% garnet at 
granulitic pressures and temperatures. The par­
ticular mineral modes used in this calculation 
were taken from Griffin et al. (1978) for two mafic 
lower crustal xenoliths from Lesotho which have 
REE concentrations similar to basaltic liquids 
(Roberts & Hawkesworth 1979); i.e. these xeno­
liths do not represent cumulates or residual 
material. Table 2 lists the mineral proportions 
and partition coefficients used in the calculations. 
The modal proportions of garnet in these two 
samples span the range for all Lesotho xenoliths 
reported by Griffin et al. (1978), hence, are 
considered representative of mafic granulites in 
general. Fig. 3b shows the range in calculated 
melt compositions produced by varying the par­
ental modes and partition coefficients. Both (La/ 
Yb)N (22-99) and (Gd/Yb)N (1.7-9) for these 
melts overlap most of the range exhibited by 
Archaean tonalites and trondhjemites (Fig. 4); 
only the very low (La/Yb)N ratios (less than 20) 
are not capable of being produced by melting of 
this rock type. Like the partial melts of amphibo­
lite, these melt compositions also exhibit marked 
positive Eu anomalies, a feature common, but not 
ubiquitous, in Archaean tonalites and trondhje­
mites (Fig. 2). Therefore, a garnet granulite 
source with chondritic REE pattern is capable of 
producing tonalities with all but the smallest 
degree of LREE fractionation. If the model 
source is chosen to be LREE enriched, the 
calculated melt (La/Yb)N ratios would be even 
higher, producing less overlap with observed 
ratios in Archaean tonaiites. Alternatively, the 
model source could be LREE depleted, similar to 
modern MORB (there is isotopic evidence that at 
least some Archaean basalts were derived from a 
depleted mantle source (Carlson et al. 1983, and 
there are some LREE depleted Archaean basalts; 
Sun & Nesbitt 1978; Sun 1984)). This would cause 
the (La/Yb)N ratio of the melt to be lower, 
producing a total overlap with the observed (La/ 
Yb)N ratios for Archaean tonalites. Clearly, the
(La/Yb)N ratios of the model sources can bo 
varied to produce a non-unique answer. An 
important difference between garnet granulite 
and amphibolite source rocks is the ability of the 
garnet granulite source to produce higher (Gd/ 
Yb)N ratios. A garnet granulite source having flat 
to slightly enriched HREE patterns would be 
capable of producing the range in HREE fractio­
nation observed in the tonalites, unlike the 
amphibolite source.
Eclogite source
Apted (1981) reviewed the partial melting beha­
viour of quartz eclogites and concluded that by 
20-30% partial melting, phases such as quartz 
and kyanite would be completely melted out. He 
also noted that since both garnet and clinopyrox- 
ene are on the liquidus throughout the cooling 
interval in basaltic melts, partial melting of 
eclogite can be modelled by modal melting. Using 
the range of modal proportions of garnet and 
clinopyroxene cited by Apted (1981) as being 
representative of natural eclogites, REE contents 
of equilibrium melts were calculated. The para­
meters used in the partial melting calculations are 
listed in Table 2. Fig. 3c shows the range in REE 
patterns for 20% melting of eclogite with 20 times 
chondritic REE pattern, varying parental modes 
and partition coefficients. The range in (La/Yb)N 
(13-64) and (Gd/Yb)N (1.6-7.3) ratios produced 
by meiting of eclogite overlaps the majority of 
those observed in Archaean tonalites and trondh­
jemites (Fig. 4). Again, variable positive Eu 
anomalies are produced. As with the garnet 
granulite source, the REE pattern of the eclogite 
source can be changed, with LREE either 
enriched or depleted relative to HREE to produce 
similar changes in the melt. Therefore, based on 
the (La/Yb)N and (Gd/Yb)N ratios, eclogite is an 
equally viable source for Archaean tonalites and 
trondhjemites.
Partial melting models for the three commonly 
suggested source rocks for Archaean tonalite- 
trondhjemites show that garnet-free amphibolite 
is not a likely source. Garnet-bearing amphibo­
lite, garnet granulite or eclogite remain possible 
source rocks. Attempts to distinguish between a 
crustal (garnet amphibolite or garnet granulite) 
versus mantle (eclogite) source based on the 
presence of plagioclase, and the effect it would 
have on Sr and Eu concentrations, have not been 
successful. The most important conclusion from 
these calculations is that the dominance of tonali- 
tic rocks with highly fractionated REE in 
Archaean high-grade terrains requires large 
volumes of mafic material at depth in the 
Archaean.
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Additional constraints
Petrologic and isotopic data are also useful in 
defining the depth of melting required to produce 
tonalitic and trondhjemitic melts. Green (1982) 
reviewed experimental data on synthetic and 
natural basaltic compositions and used these to 
define the depth of melting for modern andesites. 
He showed that the composition of the phases 
present during partial melting is strongly depen­
dent on water content. For anhydrous thoieiitic 
compositions, garnet is stable only at pressures 
greater than 17 kbars and plagioclase is stable 
only below 17 kbars, at temperatures 50'C above 
the solidus. For water undersaturated conditions 
(5 wt. % H;0), garnet is stable above 8 kbars, 
plagioclase does not exist above 15 kbars and 
amphibole is stable below about 20 kbars at 
solidus temperatures. Therefore, this implies a 
minimum melting depth from 25 to 66 km for a 
garnet bearing basaltic rock (depending upon the 
presence of water). Thus the source region for 
tonalite-trondhjemite rocks is confined to the 
lower crust or upper mantle. The mineralogy of 
the source material could be granulitic (cpx-gar- 
plag, at melting depths between 41-82 km) to 
eclogitic (cpx-gar ±qtz + ky, for melting depths 
greater than 82 km) for dry conditions, or 
amphibolitic (amph-cpx-gar-plag or gar-amph- 
cpx-zo, at depths between 25-50 km) to eclogitic 
(gar-cpx-ky, at depths greater than 50 km) for 
water undersaturated conditions.
Isotope studies have been used to establish 
crustal residence ages and the relative contribu­
tions of crust and mantle components to tona- 
lites. Archaean tonalites commonly have low, 
mantle-like initial 87Sr/86Sr ratios (O’Nions & 
Pankhurst 1978; Peterman 1979). In addition, 
Sm-Nd model ages (age of LREE enrichment, 
McCulloch & Wasserburg 1978) are often nearly 
identical to the crystallization age of Archaean 
tonalites (e.g. Carlson et al. 1983; Martin et al. 
1983; Jahn & Zhang 1984). These features are 
thought to reflect derivation of tonalites from 
mafic rocks with short crustal residence times. An 
exception to this are some Finnish tonalites which 
show a long (200-500 Ma) crustal residence time 
and are interpreted to be derived from an earlier, 
more differentiated crustal source (Jahn et al. 
1984). The similarities between crystallization 
and Nd model ages in most Archaean tonalites 
suggest the existence of a short-lived mafic crust, 
perhaps analogous to present-day oceanic crust, 
which is rapidly recycled by some sort of subduc- 
tion-like process where it could be transformed to 
eclogite and then partially melted to produce 
Archaean tonalites. However, the above interpre­
tations of the short crustal residence times assume
that the mafic precursor to the tonalites was 
LREE enriched. If the mafic parent had flat or 
depleted LREE (which is plausible considering 
the possibility of a depleted mantle during the 
Archaean (Carlson et al. 1983)), then the close 
coherence between Nd model ages and crystalli­
zation ages for tonalites would not reflect a short 
crustal residence age for the mafic parent, but 
would instead reflect the age of the melting event 
that created the tonalite. In these circumstances it 
is impossible to define how long the mafic parent 
existed before it partially melted; it may have 
existed for long periods of time in a crustal 
environment (presumably continental, if an ocea­
nic crust is likely to be rapidly recycled). The 
isotope data confirm the likelihood of a mafic 
parent for most Archaean tonalites, but do not 
distinguish between a crustal or mantle depth of 
melting.
Implications for the composition of 
the Archaean lower crust
The trace element models presented here suggest 
that the most reasonable source for Archaean 
tonalite-trondhjemite rocks is a garnet amphibo­
lite, garnet granulite or eclogite. Phase stability 
studies require this mafic source to be deep- 
seated, either within the lower crust or upper 
mantle. The exact depth of this mafic source has 
important implications for Archaean tectonics 
and crustal growth.
If the mafic source of tonalites lies within the 
lower crust, then the Archaean lower crust is 
dominantly mafic, and this may reconcile the 
apparent discrepancy between lower crustal com­
positions as recorded by xenoliths and granulite 
terrains. This model requires substantial thick­
nesses of residual mafic or ultramafic material to 
lie beneath many tonalite-dominated Archaean 
granulite terrains presently exposed at the earth’s 
surface. Alternatively, the residue may be so 
dense that it will decouple from the overlying 
crust and remain, at the crust-mantle interface 
during tectonic uplift, or possibly founder into 
the mantle (Sun 1984). Such high density material 
will possess high P-wave velocities and may be 
interpreted as mantle material during geophysical 
modelling (NB the debate over the location of the 
crust-mantle transition zone in southeast Austra­
lia (Griffin & O’Reilly, this volume)).
If the mafic source of Archaean tonalites lies 
within the mantle, then some form of subduction 
is required to get large volumes of mafic material 
to mantle depths. This model predicts that the 
Archaean lower crust is dominated by tonalitic 
rocks intruded from below, requiring melting of
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significant volumes (15-20%) of the subducted 
mafic crust, and little to no interaction between 
this silicic melt and the overlying mantle wedge. 
Production of high silica melts by partial melting 
of the oceanic slab is envisioned for modern arcs 
in some circumstances (Wyllie 1982), but these 
melts are generally thought to react with the 
overlying mantle to produce more intermediate 
melts. It is not clear why this process would not 
also occur in Archaean subduction zones. Until 
more direct evidence is gained regarding the
presence or absence of subduction during the 
Archaean, these conflicting models cannot be 
reconciled.
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Lower crustal xenoliths from Queensland, Australia: Evidence for deep crustal 
assimilation and fractionation of continental basalts
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Abstract— A suite of mafic, granulite facies xenoliths from north Queensland possesses petrographic and 
geochemical features of basaltic cumulates crystallized at lower crustal pressures. Negative correlations between 
incompatible trace elements and Mg# and positive correlations between compatible trace elements and Mg# 
suggest the xenoliths are genetically related and crystallized from a continuously evolving melt. Zr, Hf, Y, 
HREE, Ti and V do not correlate with Mg#, but show excellent negative correlations with A120 3 content, 
reflecting the proportion of cumulate plagioclase to clinopyroxene. These chemical trends also suggest the 
trace element concentrations have not been affected by subsolidus recrystallization. The xenoliths have a 
large range in Sr and Nd isotopic compositions (87Sr/86Sr = 0.70239 to 0.71467, = +9.5 to -6 .1 )  which
cannot be produced by crystal fractionation alone, and excellent correlations between isotope ratios and 
Mg# suggest the variable isotope compositions are not due to mantle source heterogerteities.
These mafic xenoliths are proposed to be cumulate products from a melt undergoing simultaneous assim­
ilation and fractional crystallization (AFC). The data illustrate that only a few percent AFC in lower crustal 
environments can dramatically change the Sr and Nd isotopic composition of a basaltic melt, and suggest 
the use of caution when inferring mantle source isotopic compositions from continental basalts. Additionally, 
the Nd isotopic data plot on a positive trend on an Sm-Nd isochron diagram with an age of ~ 5 7 0  Ma. 
However, if these xenoliths formed by AFC. the positive trend reflects mixing between two isotopic end 
members and has no age significance. The correlations between Sr and Nd isotopic compositions with Mg# 
degrade as the isotopic ratios are back-calculated to earlier times, suggesting the xenoliths are relatively 
young; the xenoliths may be related to the Cenozoic igneous activity which occurs throughout eastern 
Australia.
INTRODUCTION
Integrated petrographic, geochemical and isoto­
pic studies of lower crustal xenolith suites provide direct 
information on how and when portions of the lower 
crust formed. Moreover, xenoliths formed by cumulate 
processes can provide information on the origin and 
evolution of the melts from which they precipitate. We 
report the results of a combined petrographic, geo­
chemical and isotopic study of mafic lower crustal 
xenoliths from north Queensland, Australia and show 
how trace element and isotopic analyses can be com­
bined to define the dominant processes affecting lower 
crustal composition.
The xenoliths come from three Plio-Pleistocene (<2 
Ma) alkali basalt vents in the Chudleigh volcanic prov­
ince, north Queensland (Stephenson and Griffin, 
1976; Stephenson et al., 1980): Batchelors Crater, 
Airstrip Crater and Sapphire Hill. These vents lie near 
the southern extension of the Burdekin fault zone, 
which is a steep, westward dipping thrust fault (With- 
nall, 1982) that separates Paleozoic volcanics and 
sediments of the Tasman fold belt on the east from 
Precambrian metamorphic rocks and granites of the 
Georgetown Inlier on the west (Fig. 1). The xenoliths 
are 5 to 50 cm in diameter; most with a blocky shape 
and coarse grain size (>2 mm) and all are mafic in 
composition (Si02 ^  51%). There are three general 
classes of crustal xenoliths based on mineralogy and 
chemistry: (1) plagioclase-nch xenoliths, the most 
abundant type. (2) rarer, pyroxene-rich xenoliths and
(3) xenoliths with mineralogy and major element 
compositions transitional between these two end 
members. The modal mineralogies and dominant tex­
tural features of the xenoliths are listed in Table l (pet­
rographic descriptions are given in the Appendix). Here 
the xenoliths are grouped by mineralogy, with meta­
morphic grade increasing toward the bottom of the 
table. Because major element compositions of the pla- 
gioclase-rich xenoliths show little variation, their vari­
able mineralogies are interpreted to reflect differing 
equilibration conditions. Hence, the olivine-bearing 
samples come from the shallowest levels and garnet, 
ciinopyroxene-bearing samples come from the deepest 
levels (Rudnick and Taylor, 1986). All of the xe­
noliths possess metamorphic textures, but relict cu­
mulate textures (i.e., orthopyroxene oikocrysts en­
closing tabular plagioclase) are present in several of the 
plagioclase-rich samples. The xenolith mineral assem­
blages and cation exchange thermobarometry on co­
existing mineral rims suggest equilibration conditions 
between 20-40 km and 700-1000°C (Fig. 2 and Rud­
nick and Taylor, 1986). The presence of two coronal 
textures: (1) olivine rimmed by orthopyroxene and py­
roxene-spinel symplectite and (2) spinel nmmed by 
garnets (Table 1), indicates these xenoliths crystallized 
at variable depths in the lower crust and cooled iso- 
barically (Kay and Kay , 1983; Rudnick and Taylor, 
1986). Therefore, these xenoliths have not experienced 
a metamorphic “event”, but rather, simply recrystal­
lized to lower temperature mineralogies. Relict igneous 
textures are confined to the xenoliths which equili-
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Fig . 1. Map of north Queensland Cenozoic volcanic prov­
inces (hatched areas). Chudleigh province xenolith localities 
discussed here are Sapphire, Batchelors and Airstrip Craters. 
Shaded area is the Precam brian Georgetown Inlier, and the 
white areas to the east are Paleozoic volcanics, granites and 
sediments of the Tasman fold belt.
brated at the shallowest levels (Table 1). D eform ation 
textures, present in som e o f the xenoliths (Ka y  and 
Ka y , 1983; see Appendix), may reflect original igneous 
textures (e.g .. those in 83-107) or may have form ed 
from reaction to localized stress fields associated with 
the nearby B urdekin fault zone.
Fourteen xenoliths were analyzed for m ajor and 
trace elem ents; 11 o f these were analyzed for their Sr 
and Nd isotopic com positions. T he principal aim s o f 
this study were to (1) characterize the lower crust in 
this region o f north Q ueensland; (2) identify the m ajor 
lower crust-form ing processes occurring there; (3) de­
term ine the age o f this segm ent o f lower crust; and (4) 
evaluate the significance o f this data to continental 
m agm a evolution.
ANALYTICAL TECHNIQUES
Least altered xenoliths were chosen for chemical and iso­
topic analyses. The samples ranged from 260 to 1180 g, after 
removal of all weathered surfaces by sawing. The xenoliths 
were crushed in a steel jaw crusher, then the chips ground in 
an agate ring mill. No xenoliths showed invasion of the host 
basalt in thin section, although most suffered some de­
compression melting, manifested in kelyphite rims on the 
garnets (see Kay and Kay , 1983 and Appendix).
Major element analyses were obtained by wide-beam (15 
kv) EDS microprobe analyses (Reed and Ware, 1973) on 
glasses created in a positive Ar-pressure molybdenum strip 
heater. Each analysis represents the average of at least 10 spot 
analyses per sample. TiOj and P:0 5 were measured for the 
same glasses using a Cameca, WDS, microprobe. Analytical 
uncertainty for all the major elements is less than 5%. V, Cr, 
Ni, Cu, Zn, Sr (and some Zr, Nb and Ba analyses—as indicated 
in Table 3) were obtained through XRF analyses (Norrish 
and Chappell, 1977). The remaining trace elements were 
measured via spark-source mass spectroscopy (Taylor and 
Gorton , 1977). Analytical uncertainty for most trace ele­
ments is less than 5%. Elements present in very low abun-
TABLE l .  Summary of  Minera logy and Tex tu res  In Chudle igh  Province X en o l i th s
Minera logy Samples Textu res
P l a g l o c l a s e - r l c h *
01-Sp-Opx-Cpx-Pc 106 107 109
Sp-Opx-Cpx-Pc 126 127 139 
112
Sp-Gar-0px-Cpx- Pc 114 1 31 '38
Gar-Opx-Cpx-Pc 117 133 140
r a r e  Sp co re s
Gar-Cpx-Pc 
r a r e  Opx
R e l i c t  Igneous t e x t u r e s : 
p o i k l l l t l c  ?x and l a th - s h a p e d  Pc 
Coronas : 01 rimmed by Opx rimmed by 3p ♦ Px. 
Pc co m p o s i t io n : l a b r a d o r l t e
R e l i c t  Igneous t e x t u r e s : 
la r g e  broken Pc?
Coronas : Sp/Opx s y m p le c t i t e s  
rimmed by Cpx.
Pc comp: l a b r a d o r i t e  rimmed by an d e s ln e .
R e l i c t  Igneous t e x t u r e s : none?
Coronas : Sp rimmed by Gar.
Pc comp: l a b r a d o r i t e  or 
l a b r a d o r i t e  rimmed by a n d e s ln e .
R e l i c t  Igneous t e x t u r e s : none.
Meta t e x t u r e s : polygonal  c r y s t a l s .
Pc comp: an deslne  or l a b r a d o r i t e  rimmed 
by an d e s ln e .
R e l i c t  Igneous Tex tu es : none
Meta t e x t u r e s : polygonal c r y s t a l s ;  
eu h ed ra l  Gar.
Pc comp: an d es ln e .
P yro x en e - r ic h
Cpx-0px-Pc-Rut±Ol 110 115 R e l i c t  Igneous t e x t u r e s : p o s s i b l e  cumulate
l a y e r i n g .
Meta, t e x t u r e s : polygonal Pc c r y s t a l s .
Pc com p.: l a P r a d o r l t e .
Where Cpx - c l in o p y ro x en e ,  Opx - o r thopyroxene , 01 - o l i v i n e .  Pc - p la g lo c l a s e ,  
Sp - S p in e l ,  Gar - g a r n e t .  Rut - r u t i l e ,  Px - pyroxene.
‘The two t r a n s i t i o n a l  x e n o l i t h s ,  33*126 and 8C, a re  grouped here w ith  the  
p l a g l o c l a s e - r l c h  x e n o l i t h s  because of  t h e i r  high modal p l a g lo c l a s e  c o n t e n t .
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Fig. 2. Temperature and pressure estimates o f garnet, two pyroxene plagioclase-rich xenoliths using the 
Lindsley and Anderson ( 1983) two pyroxene thermometer with the Harley and Green (1982) gamet- 
orthopyroxene barometer (open circles), or the Wells (1977) two pyroxene or Ellis and Green (1979) 
gamet-clinopyroxene thermometer with the Harley and Green (1982) barometer (closed circles). Points 
represent average of 5 analyses on adjacent mineral rims for each sample; boxes represent uncertainty. 
Experimentally determined stability fields are for a two pyroxene mafic xenolith from the Delegate breccia 
pipe which has major element composition similar to the Chudleigh plagioclase-rich xenoliths (Irving, 
1974). Dotted line represents spinel-olivine transition (Herzberg, 1978). The plagioclase-rich xenoliths 
possess all the mineral assemblages shown here. Southeastern Australian geotherm of Griffin el al. (1984) 
shown for reference.
dances, however, have higher uncertainties (10% for Th and 
U , 20% for Cs and Nb).
Dissolution procedures followed during this study are de­
tailed in McCulloch and Chappell (1982). For each sample 
approximately I 50 mg of powder was dissolved in teflon 
bombs. During the analyses o f these samples the measured 
total chemical blank was 0.5 ng for Nd and 3.5 ng for Sr. No 
blank corrections were necessary for any o f the isotope ratios. 
Mass spectrometry procedures and measured values for dif­
ferent isotopic standards are detailed in McDonough et al. 
(1985). Standard analyses performed concurrent with these 
analyses are listed at the bottom o f Table 3.
RESULTS
Table 2 gives major element compositions and nor­
mative mineralogies for 10 plagioclase-rich, 2-pyrox- 
ene-rich and 2 transitional xenoliths. The plagioclase- 
rich xenoliths show little variation in S i02 (50 wt.%) 
and A l20 3 (20 wt.%), whereas Mg#s range from 41 to 
76. Mg#s used here w ill be 100 (M g/M g + 2Fe), unless 
otherwise specified. Compared to the plagioclase-rich 
samples, the pyroxene-rich xenoliths have lower A l20 3 
(9-10%), sim ilar S i02 and higher Mg#s. Transitional 
xenoliths have major element compositions lying be­
tween the two end member types except that sample 
BC has the highest Mg# o f the suite. A ll xenoliths are 
olivine-hypersthene normative, except plagioclase-rich 
xenolith 83-112, which has normative nepheline. This 
xenolith is also distinct from the rest o f the plagioclase- 
rich xenoliths in that it is the only sample with large 
proportions o f modal (and normative) ilmenite and 
magnetite, and because o f this, it has the lowest Mg# 
o f the suite.
Trace element concentrations are presented in Table 
3. Chondrite normalized patterns (REE and Ba) are 
shown for the three xenolith types in Fig. 3. The pla­
gioclase-rich xenoliths have low total REE concentra­
tions (0.2 to 10 X chondrite), with LREE-enriched 
patterns and large positive Eu anomalies (Eu/Eu* = 1.5 
to 4.3). These patterns mimic the REE partition coef­
ficients for plagioclase in equilibrium with mafic to 
intermediate liquids (SchneTzler and Philpotts , 
1970; Ir v in g , 1978; Fujimakj et al., 1984). The py­
roxene-rich xenoliths have LREE-depleted patterns, 
with no Eu anomalies and slight negatively sloped 
HREE (Fig. 3b). Such REE patterns are similar to REE 
partition coefficient patterns for clinopyroxene in 
equilibrium with mafic to intermediate liquids 
(Schnetzler  and Philpotts , 1970; Ir v in g , 1978; 
Fujimakj et al., 1984). These xenoliths are unlikely to 
be crystallized basaltic liquids because o f their low 
Na20  and A l20 3 contents at relatively high S i02 con­
tent. The lack o f a positive Eu anomaly in these samples 
suggests that plagioclase was not a cumulate or restite 
phase and the modal plagioclase formed either through 
subsolidus re-equilibration or through crystallization 
o f interstitial melt. The transitional xenoliths (Fig. 3c) 
are LREE depleted, but possess a positive Eu anomaly, 
thus they have features transitional to those of the pla- 
gioclase-nch and pyroxene-rich xenoliths.
Trace elements which are highly incompatible in 
plagioclase, olivine and pyroxenes (the inferred original 
phases in these xenoliths) are present in low abun­
dances and negatively correlate with Mg# (Fig. 4a). 
The correlation o f K, Th and U with Mg# suggest these
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Fig. 3. Chondnte normalized REE and Ba concentrations 
for the three types of crustal xenoliths: (A) plagioclase-rich 
(pattern marked with squares is 83-107, pattern marked with 
circles is 83-127); (B) pyroxene-rich and (C) transitional xe­
noliths (pattern marked with squares is BC, pattern marked 
with circles is 83-126). Chondnte values from Taylor and 
McLennan (1985).
elements have not suffered any depletion after crys­
tallization in the deep crust. Compatible trace elements 
vary widely and positively correlate with Mg# 
(Fig. 4b).
Y, HREE, Zr, Hf, V and Ti are trace elements which, 
in basaltic systems, are moderately incompatible in 
clinopyroxene (0.3 < D < 1.0, where D = concentration 
of trace element in the crystal/concentration of element 
in the coexisting melt), but incompatible in plagioclase 
(D < 0.05 [Ir v in g , 1978; Fujim ak j et al., 1984]). These 
elements scatter when plotted against Mg#, but exhibit 
negative correlation with Al20 3 content (Fig. 5). (Note 
that 83-112 falls above the trends for V, Zr, Hf [and 
T i0 2], consistent with the presence of modal ilmenite 
and magnetite.) The size of the Eu anomaly (Eu/Eu*) 
exhibits a scattered, positive correlation with A120 3. 
This suggests that these elements, and the Eu anomaly, 
are primarily controlled by the original proportions of 
pyroxene to plagioclase in the rocks. Sr, which is com­
patible in plagioclase {D = 1.0 to 2.5), less compatible 
in clinopyroxene (D = 0.1 to 0.2) and very incompat­
ible in ortnopyroxene and olivine (D < 0.02 [Sc h n e t - 
zler  and Ph il po t t s , 1970; Ir v in g , 1978]), does not 
correlate with Al20 3, and produces a scattered, negative 
correlation with Mg# (Fig. 6a). Therefore, in the overall 
system Sr behaved incompatibly, and even though
plagioclase-nch xenoliths form the majority of rock 
types in the suite, plagioclase was subordinate to fer- 
romagnesian phases in the entire system. Rb shows a 
weak, negative correlation with Mg#, but exhibits a 
better correlation with Sr (Fig. 6b), suggesting that Rb 
has not been significantly affected by subsolidus re- 
crystallization.
Table 4 presents Sr and Nd isotopic compositions 
for 10 of the xenoliths, chosen to span the range of 
chemical compositions present in the suite. In addition, 
87Sr/86Sr ratios and eNd for two of the host basalts are 
presented. 87Sr/86Sr ratios in the xenoliths vary widely 
from 0.70239 to 0.71467, and tNd values range from 
+9.6 to -6.1. Most of the xenoliths plot along the 
mantle array, ranging from MORB-like values to values 
near bulk earth. Xenoliths with negative <Nd values fall 
to the right of the mantle array (Fig. 7). Except for 
sample 83-1 12, 87Sr/86Sr and tNd correlate with Mg#, 
with correlation coefficients of -0.89 and 0.91, re­
spectively (Fig. 8). For n = 11, this corresponds to a 
99.99% level of significance.
The correlation between a wide variety of trace ele­
ments and isotopes with either Mg# or Al20 3 content 
indicates that these samples are genetically related, with 
the possible exception of 83-112. The petrologic, 
chemical and isotopic composition of sample 83-112 
is distinct from the rest of the suite and implies a sep­
arate origin for this xenolith.
DISCUSSION
Significance o f Mg# trends and 
trapped melt estimates
Before inferences about the xenoliths’ origin can be 
made from the correlations between trace elements, 
isotopic ratios and Mg#, the principal parameters af­
fecting the Mg# of the xenoliths must be delineated. 
Three parameters can affect Mg# in these xenoliths: 
(1) the original proportions of olivine, orthopyroxene 
and clinopyroxene, (2) the amount of trapped melt 
originally present, and (3) the composition of the co­
existing melt (the term “coexisting melt” is used here 
as the melt with which the crystals were in contact with 
when they formed).
The large range in Mg#s is unlikely to be produced 
solely by varying the proportions of ferromagnesian 
minerals. The lowest whole-rock Mg# for the xenoliths 
is 63, and Mg# varies by 17 units for the entire suite 
(excluding 83-112, which has primary oxides). This 
variation is about twice that exhibited by coexisting 
olivines and pyroxenes in rocks with Mg#s > 60 from 
layered mafic intrusions (N w e , 1976; Cam pbell, 1977; 
W ilson  and La r sen , 1985). Moreover, the concen­
trations of very incompatible trace elements (e.g.. U, 
Th, Ba, K, LREE) are not affected by the proportions 
of ferromagnesian phases. Thus the correlations be­
tween incompatible trace elements and Mg# (Fig. 4) 
suggests that factors other than phase proportions were 
important in establishing these trends.
Varying the proportions of trapped melt to ferro­
magnesian minerals could potentially yield the range
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Fig . 5. V, Zr, Hf, Y plotted against A l20 3 content. T iO j 
and HREE show similar trends against AI2O3. Symbols as in 
Fig. 4. Note that 83-112 has elevated V, Zr and Hf. reflecting 
cumulate oxides.
o f Mg#s and the correlations between M g# and trace 
elements observed in the xenolith suite. However, i f  
the trapped m elt was in  equ ilib rium  w ith  the crystals, 
the isotopic ratios w ould not change as a function o f 
percentage o f  trapped liqu id  and the Mg#-isotope cor­
relations could not be explained. A lternative ly, the 
proportion o f trapped m elt could contro l the M g#- 
isotope corre lation i f  an evolved m elt was percolated 
through the crystals (Irvine, 1980; Palacz and Tait, 
1985). In the Queensland xenoliths, m etam orphic re­
equilib ration has com pletely obscured most igneous 
textures, so the proportion  o f  trapped m elt is not easily 
determined. However, the low  incom patib le trace ele­
ment contents can be used to estimate the percentage 
o f trapped melt in  some samples. Sample 83-107 has 
one o f  the lower Mg#s o f the suite (M g# = 67). This 
sample also has extremely low HR EE content (Y b  
<  0.4 times chondrite). I f  the trapped melt had a HREE 
content o f 10 times chondrite (this is a m in im um  value 
since most eastern Austra lian basalts have higher 
HREE [Frey et al.. 1978; Ewart, 1982; McDonough 
et a i,  1985]), on ly 4% trapped m elt could have been 
present in this sample, i f  all o f  the HREE are con trib ­
uted by the trapped melt. I f  ha lf o f  the HREE are in ­
corporated in to  the crystals, then on ly 2% trapped melt 
could have been present. This estimate is a m axim um . 
Such a low proportion o f trapped melt could not ex­
plain the low Mg#, higher incom patib le trace element 
concentrations and more evolved isotopic composi­
tions o f this xenolith relative to the others.
The above observations suggest that the lower Mg#s 
in the xenoliths are not produced by greater proportions 
o f trapped melt, but are p rim arily  a function o f the 
com position o f the coexisting melt. That is, rocks w ith  
the lowest M g# equilibrated w ith  the most evolved 
melts, thus have the highest incompatible trace element 
concentrations, lowest com patib le trace element con­
centrations and most radiogenic isotopic ratios.
A.5-9
1 1Ü6 R. L. Rudnick et al.
S 0 0
soo
4 0 0  
S r  3 0 0  
o p m  20Q
100
FiG. 6. (A) Sr plotted against Mg#. (B) Sr plotted against Rb. Symbols as in Fig. 4.
4 0  5 0  SO 70  8 0  0 .2  0 .6  1.0 1.4 1.8
1 0 0 M g /(M g  ♦ F e r J Rb p p m
Origin o f (he xenolilhs: cumulate or restite?
The systematic chemical and isotopic variations ob­
served in these xenoliths suggests a genetic relationship 
with one another. These features are consistent with 
the xenoliths forming as crystals in equilibrium with 
a continuously evolving melt or melts. This can occur 
in two possible scenarios: the xenoliths could represent 
either crystal cumulates from an evolving melt, or res­
tite left behind after variable degrees of partial melt 
extraction. Distinguishing between a cumulate or restite 
origin is difficult, however, several criteria may be used.
(1) Most of the xenoliths have metamorphic tex­
tures, however, relict cumulate textures are preserved 
in samples derived from shallower levels (Table 1).
(2) Cumulates often have simple mineralogies due 
to the separation and accumulation of phases and ad- 
cumulus growth. In contrast, residua would be expected 
to have polymineralic assemblages, provided that de­
gree of partial melting is not large. The pyroxene-rich 
xenoliths, which originally contained pyroxenes and 
olivine, would therefore fit a cumulate origin.
(3) Trace element concentrations will vary markedly
between cumulates and residua (F rey  and PRINZ, 
1978). Small amounts of crystal fractionation will cause 
large variations in the concentrations of compatible 
trace elements (e.g., Cr, Ni), since they are strongly 
partitioned into the crystallizing phases, causing their 
concentrations in the melt to decrease rapidly. In con­
trast, small amounts of fractional crystallization will 
not significantly change incompatible trace element 
{e.g., La, U, Th, K and Rb) concentrations in the melt, 
and the corresponding cumulates will have low, and 
relatively uniform, concentrations of these elements. 
In the Queensland xenoliths, the very incompatible 
trace elements are present in low concentrations with 
a total variation of a factor of 4. whereas compatible 
trace elements have highly variable concentrations (Ni 
varies by a factor of 10, Cr vanes by a factor of 100). 
This is consistent with the xenoliths forming as crystal 
cumulates rather than residua.
(4) The good correlations between Sr and Nd iso­
topic compositions and Mg# (Fig. 8) are not expected 
to result from variable degrees of partial melting of 
either a chemically and isotopically heterogeneous or 
homogeneous source region. The Mg# is a sensitive
TABLE 4 .  I s o t o p i c  C o m p o s i t i o n  o f  C h u d l i e g h  P r o v i n c e  Lower C r u s t a l  X e n o l i t h s  and  H o s t  B a s a l t s
Sa m ple  Rb S r  , 7 R b / , ‘ Sr  *’ S r / * ‘ S r  Sm Nd 1 * ’ S m /1 " N d  l ', , N d / 1" N d  eNdt 0 )  T(DM) f(CHUR)
XENOLITHS
P l a g l o c l a s e - r l c h
8 3 -1 0 7 0 .6 3 4 2 5 .5 0 .0 0 4 2 0 .7 1 0 3 8 t 3 0 .31 1 .59 0 . 1 2 3 6 0 .511621 t 16 - 4 . 2 ± 0 . 6 1095 449
3 3 - 1 1 2 1 .56 5 8 9 .9 0 . 0 0 7 6 0 . 7 0 9 5 0 t 5 1 .66 6 .1 7 0 . 1 6 2 7 0 .5 1 1 7 9 8 t 26 - 0 . 3 ± 0 . 3 1349 171
83-11 4 0 .5 6 4 1 5 . 3 0 . 0 0 3 9 0 .7 0 7 0 3 1 6 1 .10 3 .5 9 0 . 1 8 6 0 0 .5 1 1 7 0 7 t 18 - 2 . 5 ± 0 . 4 2500 1832
8 3 -1 2 5 2 .0 2 5 4 8 . 6 0 .0 1 0 6 0 .7 0 4 4 6 t 3 0 .9 4 3-26 0 .1 7 5 2 0.5 11881 ± 20 *0.9 t 0 . 4 1433 —
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33-131 0 .9 6 4 1 5 . 3 0 .0 0 5 9 0 .7 0 5 1 9 ± 3 0 . 6 2 2 .2 6 0 .1 6 4 5 0 .5 1 1 7 9 4 ± 20 - 0 . 3 t 0 . 4 1399 199
3 3 -1 4 0 1 .98 5 1 3 .4 0 .0 111 0 .7 1 4 6 7 * 5 0 . 8 9 3 .5 3 0 . 1 5 2 8 0 .5 1 1 5 2 5 t 32 - 6 . 1 t 0 . 6 1737 1079
P y r o x e n e - r i c h
8 3 - H O 0 . 2 2 2 1 4 .7 0 .0 0 3 0 0 . 7 0 4 1 0 t 4 1 .73 9 . 1 3 0.2 541 0 .5 1 2 1 1 6 t 36 * 5 .5 t 0 . 7 . . . —
3 3 -1 1 5 0 .4 5 3 9 .3 0 .0 3 2 9 0 . 7 0 4 7 3 ± 4 2 .4 6 5 . 2 0 0 . 2 3 9 6 0 .5 1 1 9 5 6 t 1 4 *2.3 t 0 . 3 — —
T r a n s i t i o n a l
8 3 -1 2 6 1 .06 4 2 2 .5 0 .0 0 7 2 0 . 7 0 4 7 3 t 5 1 .66 5 . 5 2 0 . 1 8 2 3 0 .5 1 1 8 9 3 t 38 * 1.1 t 0 . 7 1627 —
3C 0 .5 9 3 5 0 . 3 0 .0 0 4 8 0 .7 0 2 3 9 t 3 1 .29 3 .3 8 0 . 2 3 7 5 0 .5 1 2 3 2 6 t 36 ♦9 .6 t 0 . 7 — —
HOST BASALTS
3 3 -1 2 4  B a t c h e l o r s  C r a t e r  0 . 7 0 3 4 0  t  5 0 .5 1 2 1 6 2  t  16 * 6 .4  t  0 . 3
8 3 - 1 5 0  S a p p h i r e  H i l l  0 . 7 0 3 4 7  t  5 0 .5 1 2 1 9 7  t 20 ♦7.1 ♦ 0 . 4
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Fig. 7. Present day " S r /^ r  versus «nj values for lower crustal xenoliths and host basalts. Symbols for 
xenoliths same as in Fig. 4. Hatched area is field of MORB. Dashed lines represent oceanic mantle array as 
defined by MORB and ocean island basalts, including St. Helena, Samoa, French Polynesia, Tristan da 
Cunha and Kerguelen (DePaolo and Wasserburg, 1976; O’N ions et al.. 1977; Dosso and Murthy, 
1980; White and Hofmann, 1982; Cohen and O’N ions, 1982).
indicator of the degree of partial melting, whereas Sr 
and Nd isotope ratios are insensitive to partial melting. 
Additionally, the Rb-Sr and Sm-Nd systems do not 
yield significant isochrons, thus suggesting the Mg#- 
isotope correlations reflect crystallization in an open 
system. Indeed, the range of 87Sr/86Sr ratios (0.7024 to 
0.7147) is impossible to create through closed-system 
fractionation of a single melt. For example, if the xe­
noliths are derived from a melt with an initial 87Sr/ 
86Sr ratio of 0.7024 (the lowest observed in the suite), 
then 83-140 (the sample with the highest 87Sr/86Sr) 
would have initially needed 420 ppm Rb if it crystal­
lized 300 Ma ago, or 62 ppm Rb if it crystallized 2500 
Ma ago, in order to account for its high 87Sr/86Sr ratio. 
There are two major problems with this. First, if a 
plagioclase-rich cumulate like 83-140 has even 62 ppm
Rb (a very high Rb content for a plagioclase cumulate, 
c f  Morse, 1980), the Rb content of the coexisting 
liquid would be 520 to 1550 ppm Rb (using a bulk 
Z)Rb = 0.04 to 0.12). These concentrations are unreal­
istically high. Secondly, this model would require the 
cumulate to have been depleted in Rb prior to or during 
entrainm ent in the host basalt. It is difficult to envision 
a Rb depletion which would preserve the correlation 
between Rb and Sr in the whole suite (Fig. 6b). There­
fore, the high 87Sr/86Sr ratios observed in the more 
evolved rocks must be due to a process other than 
closed system crystal fractionation.
Given the xenoliths are cumulates, several obser­
vations rule against them being related to their host 
basalts. First, the 87Sr/86Sr ratios and «Nd value of the
70 30 SO 70 80
10OM g/CM g  ♦ F eT)  10O M g/(M g  * ]
Fig. 8. 87Sr/S6Sr and eNd plotted against Mg#. 83-112, the one sample with primary Fe-oxides, is not 
plotted and would fall to the left of the diagrams. Symbols as in Fig. 4.
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hosts are distinct from the isotopic compositions of the 
xenoiiths (Table 4, Fig. 7). Secondly, as noted by Frey 
(1980) regarding the origin of Hawaiian pyroxenites, 
the ubiquitous metamorphic textures in these xenoiiths 
suggest they are not direct cumulates from the host. 
Thirdly, the common occurrence of cumulate plagio- 
clase in the xenoiiths requires the coexisting liquid to 
have a negative Eu anomaly, yet the hosts have slight 
positive Eu anomalies (Irving and Frey, 1984), as 
found in many other alkalic basalts (Sun and Hanson, 
1975). Given these observations, it is concluded that 
the xenoiiths are not precipitates from their host basalts.
Relative high 87Sr/86Sr ratios and low eNd values are 
observed in some continental tholeiites and in some 
cases these features have been attributed to enriched 
mantle sources (Menzies et cd., 1983; Hawkesworth 
et al, 1983; Kyle et ai, 1983; Menzies et ai, 1984; 
Cox and Hawkesworth, 1985). Such an explanation 
for the range of 87Sr/86Sr ratios in the xenoiiths is not 
consistent with the Mg#-isotope trends as it would re­
quire a very fortuitous relationship between the degree 
of melt fractionation and source composition.
AFC model
An alternative explanation for the observed trace 
element and isotopic correlations in the xenoiiths is 
that the melt from which they crystallized was evolving 
through simultaneous assimilation and fractional 
crystallization (AFC). Taylor (1980), following 
Bowen (1928), suggested that simple, two-component 
mixing is unlikely to describe the process of crustal 
assimilation because the heat required to melt crust 
must be derived from the latent heat of crystallization 
of the magma. Therefore, assimilation is likely to be 
accompanied by crystal fractionation and any assim­
ilation models must include three components: 
magma, assimilate and cumulates. Most studies have 
applied AFC to explain compositional variations in 
lavas. The Queensland xenoiiths provide an oppor­
tunity to examine the AFC process in mafic cumulates 
from the lower crust.
The isotopic and trace element variations produced 
through AFC can be described by a series of curves on 
isotope or trace element diagrams (Taylor, 1980; 
James, 1981; DePaolo, 1981). The shape of the curves 
is primarily controlled by the elemental concentration 
ratios between the magma and assimilate and the cho­
sen end member compositions. These curves reflect 
both melt and cumulate isotopic compositions at the 
time of crystallization, since cumulates will retain the 
isotope ratios of their coexisting melts. In the following 
arguments, we use Eqn. 15a of DePaolo (1981) to 
calculate the change in isotopic composition of the melt 
due to AFC. Both DePaolo (1981) and James (1981) 
provide discussion of the effects of varying different 
input parameters on the shape of AFC curves.
The AFC model presented here is non-unique, given 
uncertainties in elemental concentrations and isotopic 
ratios in the parental melt and crustal assimilate(s).
The following outlines the parameters chosen for our 
calculations and estimates of the uncertainty associated 
with each.
(1) r (the ratio of the mass of assimilate to the mass 
of crystals) is constant and equal to 0.85; such high 
values of t reflect the greater amount of assimilation 
possible in the warmer, lower crustal environment 
(James, 1981). Changing r by 10% does not signifi­
cantly change the shape of the curve but will move the 
position of the melt fraction. At higher r values the 
isotopic composition of the melt changes more dra­
matically at low percentages of AFC.
(2) the bulk D values (D) are constant, with DSt 
-  0.8 (reflecting Sr’s incompatible behavior in the en­
tire system (Fig. 6a)) and -DNd = 0.1. Changing the bulk 
D values by factors of 2 does not significantly change 
the shapes of the curves;
(3) Sr and Nd concentrations in the parental magma 
are 550 and 20 ppm, respectively. These concentrations 
are similar to those for primitive tholeiitic and alkalic 
basalts from southern Queensland (Ewart et al., 1980; 
Ewart, 1982) and western Victoria (Frey et al., 1978; 
McDonough et al., 1985).
(4) Sr and Nd concentrations in the assimilate are 
200 and 30 ppm, respectively. These values represent 
average concentrations for felsic rocks of the Tasman 
Fold Belt (Black, 1980; McCulloch and Chappell, 
1982; Hensel et al., 1985), which are likely candidates 
for the contaminant Note that terrigenous sedimentary 
rocks will have similar Nd contents (e.g., Taylor and 
McLennan, 1985), but can have highly variable Sr 
contents (Sr = 23 to 287 ppm for eastern Australian 
shales and graywackes [Black, 1980; McCulloch 
and Chappell, 1982; Ewart, 1982]).
(5) the isotopic composition of the parental magma 
is equal to that of the most primitive xenolith (BC).
(6) the isotopic ratios of the cumulates have not 
changed significantly since crystallization (i.e., the 
xenoiiths are younger than ~  100 Ma; see below).
Given these assumptions, the isotopic composition 
of the assimilate can be varied to produce curves which 
mimic the isotope variations observed in the xenoiiths. 
The Queensland xenoiiths crystallized and cooled in 
the lower 20 km of the crust within the Tasman fold 
belt, therefore the abundant granites and sediments in 
this region are likely candidates for the assimilate. 
Present day 87Sr/86Sr for Tasman Fold Belt granites in 
north Queensland range from 0.7123 to 0.9110 
(Black, 1980). In more southerly parts of the Tasman 
fold belt, granites have present day 87Sr/86Sr ranging 
from 0.7046 to 0.8417 and 143N d/144Nd from 0.51109 
to 0.51204 (McCulloch and Chappell, 1982; Hen­
sel et ai, 1985). The model assimilates used here fall 
near the middle of these large isotopic ranges.
Figure 9 presents three curves which correspond to 
different crustal end members; two curves bracket the 
data, the central curve represents an “average” model. 
Because the data do not lie along a single curve, it is 
likely that more than one crustal end member was in-
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Fig. 9. AFC curves calculated using BC (the most primitive xenolith) as the starting composition and 
several crustal assimilates (Cl, C2 and C3). Tick marks represent percentage of melt remaining.
volved. This is further supported by the range of depths 
from which the xenoliths were derived (20 to 40 km). 
In this context, it is interesting to note that there is a 
general correlation between depth o f origin (as inferred 
from the mineralogies, Table 1) and isotopic compo­
sition: xenoliths derived from the deepest levels have 
more “ prim itive”  isotopic ratios than xenoliths derived 
from shallow levels. However, this is not true for the 
most evolved sample (83-140), which is garnet-bearing. 
This may be evidence for more than one melt being 
involved.
The correlation between isotopic ratios and Mg# 
suggests a single isotopic composition for the parental 
melt. The mantle source region from which this melt 
was derived has the isotopic characteristics o f MORB. 
However, this may not be true i f  the most prim itive 
xenolith, BC, which is strongly LREE depleted, is ac­
tually older than the other xenoliths. Because BC falls 
along all the geochemical and isotopic trends, we con­
sider it genetically related to the other xenoliths and 
thus include it in the model.
The 143N d /l44Nd ratio o f the most evolved xenoliths 
can be used to place age constraints on the assimilate. 
Sample 83-107, the second most evolved xenolith, has 
a low 147Sm /144Nd ratio, thus is suitable for model age 
calculations (M cCulloch and Wasserburg, 1978). 
This sample has a model age o f 390 Ma, i f  derived 
from a chondritic mantle (Table 4). Because the iso­
topic composition o f this xenolith is a mixture between 
the original magma and the assimilate, this age rep­
resents a m inim um  model age for the assimilate, i.e., 
the crustal assimilate must have been derived from the 
mantle before 390 Ma. The model age o f the assimilate 
could be much older than this i f  83-107 contains only 
a small proportion o f assimilate and/or the assimilate 
was derived from a depleted mantle (TDM = 1000 Ma; 
Table 4).
Nature o f the coexisting liquid
The trace element and isotopic correlations exhibited 
by the xenoliths suggest they represent crystals that
accumulated w ithin the lower crust from a single melt 
or a series o f related melts, which evolved through as­
similation and fractional crystallization. The bulk 
composition o f the coexisting melt is d ifficu lt to esti­
mate accurately w ithout knowing the proportion o f 
cumulates to liquid in the system. Nevertheless, several 
indirect methods can be used to estimate bulk com­
position. First, given the lim ited amount o f trapped 
melt originally present, the normative mineralogies o f 
the xenoliths may be taken as a guide to the original 
cumulate phases (cf. Rogers and Hawkesworth, 
1982). The presence o f olivine and Ca-rich plagioclase 
in the norms suggest the xenoliths crystallized from a 
mafic melt. Secondly, the Mg# o f modal olivine can 
be used to calculate the Mg# o f the coexisting liquid, 
assuming Z?fÄ  = 0.3 (Roeder and EMSLIE, 1970). 
Modal olivine is present in one o f the analyzed samples 
(83-107), but is variably altered to iddingsite (see Ap­
pendix). Probe analyses for these olivines show that 
Fo contents negatively correlate with A120 3 contents, 
consistent with a lowering o f Fo content due to alter­
ation (Deer et a i, 1982). The least altered olivines in 
this sample are Fo7o (w ith 0.33% A l20 3). I f  this is taken 
as an approximation o f the igneous olivine’s compo­
sition, then the coexisting melt had an Mg# o f 41, using 
total Fe as Fe+2. I f  one assumes an Fe+3/F e + : ratio 
of0.15, then the coexisting melt had Mg# = 45. Sample 
83-107 has one o f the lower Mg#s o f the suite, so this 
Mg# represents a lower estimate for the associated 
melts. This is consistent with the coexisting melt(s) 
being basaltic, with Mg#s generally >40.
Implications fo r continental lavas
In the AFC model presented above, the most con­
taminated xenolith is produced through 40% crystal­
lization o f the melt. I f  this melt were erupted, it would 
have chemical and Sr and Nd isotopic characteristics 
similar to those o f other evolved continental basalts 
(i.e.. Mg# =s 40, negative Eu anomaly, low fNd and 
high 87Sr/86Sr). Unless the magma was tapped after 
only a few percent fractionation, the isotopically
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MORB-like mantle source region for the xenolith’s 
parental magmas would never be recognized. This il­
lustrates the difficulty in inferring mantle composi­
tional variations from continental lavas which have 
undergone any differentiation within the lower crust.
Oxygen isotopes are often used to delineate the 
amount of crustal assimilation that has occurred in 
basaltic melts, yet little is known about the effects of 
granulite facies metamorphism on <5I80  values. Some 
granulites exhibit slight decreases in <5180  relative to 
their unmetamorphosed precursors (Jam es  et al., 1980; 
V a lley  and O ’N eil , 1984), whereas others exhibit 
significant 6I80  depletions as a result of metamorphism 
(Sh ieh  and Sc h w a r c z , 1974; W ilso n  and Ba k si, 
1983). Thus it is difficult to generalize about the 5I80  
values of felsic granulites, which could be an important 
contaminant of basaltic magma in the lower crust. 
Preliminary oxygen isotope measurements of the 
Queensland xenoliths reveal that the most evolved 
xenolith in this suite (83-140) has a 5180  value of 
+5.7%o (Ru d n ic k  and Ch iv a s , unpubl. data). Oxygen 
isotopes will not be significantly fractionated during 
igneous crystallization. Therefore, if the oxygen iso­
topes of this rock have not exchanged with an external 
reservoir during isobaric cooling and development of 
the metamorphic mineralogy, then this 5180  value re­
flects that of the coexisting melt. This, in turn, suggests 
that the assimilate may have had very low 5lsO yet 
high 87Sr/86Sr and low «Nd.
Age o f the lower crust
The Queensland xenoliths plot along a scattered, 
positive trend on an l47Sm /144Nd versus 143N d/l44Nd 
isochron diagram (Fig. 10). If all the data points are 
considered, the regression yields an age of 570 ± 370
Ma with an initial 143N d/l44Nd ratio of 0.51118 ± 45  
(*Nd = +16)  (using the model 4 regression technique 
of M c In t y r e  et al., 1966). However, if the above 
model of AFC is correct, then a positive trend would 
be produced on this diagram due to mixing between 
melt and assimilate. Since the xenoliths are cumulates, 
they would not be expected to plot along a straight 
mixing curve because their 147Sm /144Nd ratio is a func­
tion of both melt and assimilate compositions and cu­
mulate mineralogy, whereas the 143N d/l44Nd ratio is a 
function of assimilation only. For example, assimila­
tion will cause the data to fall along a line joining the 
original melt to the assimilate. Superimposed upon this 
are the effects of crystal accumulation. Pyroxene-rich 
xenoliths with LREE depletions will fall to the right 
of the mixing line, whereas LREE-enriched plagioclase- 
rich xenoliths will fall to the left of the mixing line 
(Fig. 10, inset). This explains the observed scatter in 
Fig. 10, and suggests that the positive trend is due to 
mixing between two end members and has no age sig­
nificance.
The Queensland xenoliths possess geochemical fea­
tures indicative of a common origin, and do not show 
the effects of element depletion often associated with 
granulite facies metamorphism. Yet for these xenoliths 
it is probably misleading to attach any age significance 
to the positive slope in Fig. 10. So is there any age 
information available from these data? The cumulate 
process creates highly variable whole rock Sm/Nd ra­
tios, but generally very low Rb/Sr ratios. Consequently, 
the present 87Sr/86Sr ratios in the xenoliths are likely 
to reflect their initial values, whereas the 143N d/144Nd 
ratios will change dramatically with time. The present 
correlation between «Nd and 87Sr/86Sr for the Queens­
land xenoliths becomes progressively weaker as the 
isotope ratios are back-calculated to earlier times. In 
addition, the good correlation of isotope ratios with
T :  571 : 374 Ma 
I - 0.51118 : 45
(T3 3 *16
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Sm /  Nd
Fig. 10. Sm-Nd isochron diagram for lower crustal xenolith suite. Line represents regression yielding age 
of 5 7 1 ± 374 Ma. Symbols as in Fig. 4. Inset: schematic drawing showing predicted l43N d /,44Nd and 
l47Sm /144Nd ratios for cumulates derived from melt (M) which is mixing with assimilate (C). Note that the 
line in the inset is not meant to coincide with the regression line shown in the main figure. It is assumed 
that the l47Sm /144Nd ratio of (M) is less than or equal to 0.197, in order to have a chondritic or LREE 
enriched melt. Accumulation of plagioclase (pc) causes l47Sm /l44Nd to decrease, whereas accumulation of 
pyroxene (px) causes l47Sm /l44Nd to increase relative to the melt. The melt composition continuously evolves 
between M and C.
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Mg# (Fig. 8) becomes more scattered in the past. The 
correlation coefficient (r) for present day *Nd values 
versus Mg# is 0.91, at 400 Ma. r = 0.79 and at 1000 
Ma, r = -0.01. Therefore, if we assume that the cor­
relation of eNd with Mg# is, like the trace element-Mg# 
correlations, due to AFC processes, then the time at 
which the greatest correlation exists may give the most 
reasonable age for the suite. This suggests the xenolith 
suite is relatively young (<100 Ma); and is probably 
not Paleozoic, as implied by the pseudoisochron.
Before any useful age information can be obtained 
from a suite of metamorphic rocks, it must first be 
shown that the rocks are genetically related (with the 
same initial ratio) and that their isotope ratios have 
not been affected by metamorphism. With a xenolith 
suite these problems are magnified due to lack of any 
field relationships. In addition, many investigators have 
plotted felsic xenoliths on the same isochrons as mafic 
xenoliths (R o g e r s  and H a w k e s w o r t h , 1982; 
Mc Cu l l o c h  et al., 1982), but have not attempted to 
provide chemical evidence for their proposed genetic 
link.
If AFC was operating during the generation of other 
xenolith suites, it may be detectable by back-calculating 
isotope ratios to see if they lie along an AFC-type mix­
ing curve at any time in the past. For example, the 
range of 87Sr/86Sr ratios present in Calcutteroo xenoliths 
from South Australia (M cC u l l o c h  et ai, 1982) sug­
gests AFC may have been important in their evolution. 
Present day isotope ratios for the mafic xenoliths show 
considerable scatter on an fNd vs. 87Sr/86Sr diagram (Fig.
11 a). However, a linear trend is obtained at 1300 Ma 
(Fig. 1 lb). Figure 11 also shows the north Queensland 
data at present (c) and at the pseudoisochron age of 
570 Ma (d) for comparison. By analogy with the
Queensland xenoliths, the 2.5 Ga age reported by 
McC u llo c h  et al. (1982) for the Calcutteroo xenoliths 
may be an artifact produced by mixing of 1300 Ma 
mafic magma with older silicic crust. Of course, there 
are large uncertainties associated with these ages, and 
factors such as whether the rocks are originally coge- 
netic or have undergone post-crystallization Rb deple­
tion, will add to the uncertainty. Other mafic xenolith 
suites for which isochrons have been published either 
do not show high 87Sr/86Sr ratios (i.e., Lesotho xeno­
liths), or do not back-calculate to linear trends in the 
past (Eifel xenoliths, Sto sc h  et al.. 1986). Therefore, 
this model may be applicable in only some cases and 
each xenolith suite clearly needs to be evaluated sep­
arately.
Composition o f the lower crust
The majority of granulite facies xenoliths from east­
ern Australian volcanic pipes are mafic and probably 
represent basaltic melts with variable proportions of 
cumulate phases (Ed w a r d s  et al.. 1979; W ilk in so n  
and T a y l o r , 1980; Ka y  and Ka y , 1983; W ass  and 
H o llis , 1983; A r c u l u s  et al.. 1986; G r if fin  and 
O ’Re il l y , 1986; R u d n ic k  and T a y l o r , 1986). Seis­
mic refraction profiles across the Tasman fold belt in 
southern Queensland and New South Wales show a 
high velocity lower crust ( Vp = 6.7 to 7.7 km/sec. Fin - 
la YSON, 1982; Fin l a y so n  et al.. 1984), indicative of 
a mafic composition.
The data for the Queensland xenoliths presented 
here may be used to clarify when and how the lower 
crust formed. If the Queensland xenoliths are Cenozoic 
cumulates associated with intrusion of basaltic magmas 
into the lower crust, then they significantly postdate
Calcutteroo Queensland
*  e
a7Sr/86Sr "sr/^Sr
Fig. 11. (A) Present day 87Sr/86Sr versus tNd values for mafic Calcutteroo xenoliths from south Australia 
(McCulloch et al.. 1982). Filled circles are mafic granulites; open circle is an eclogue. (B) 87Sr/86Sr versus 
(Ma for Calcutteroo xenoliths at 1300 Ma. (C) Present day 87Sr/86Sr versus for Chudleigh province xenoliths 
compared with ratios for same xenoliths at 570 Ma (D) (pseudoisochron age). Symbols as in 
Fig. 4.
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the sediments, lavas and granites of the Paleozoic Tas­
man fold belt. The observation that the parental 
magma to the xenoliths was affected by assimilation 
of isotopicaily evolved crustal material suggests the ex­
istence of felsic to intermediate rocks in the lower crust 
at the time of magma intrusion. Basaltic magmas 
ranging from highly silica undersaturated to saturated 
compositions have erupted in the highlands of eastern 
Australia from 70 Ma to Recent times (Wellman and 
McDougall, 1974). Of the three types of igneous 
provinces identified by Wellman and McDougall 
(1974), basalts of the central volcano provinces have 
been associated with deep crustal fractionation (Ewart 
e ta i, 1980; Ewart, 1982; Knutson#  al., 1986) and 
extensive basaltic underplating is predicted to attend 
their formation (Ewart et al., 1980).
The eastern Australian central volcano provinces 
show a progressive decrease in age from north to south, 
which has been interpreted as a hot-spot trace (Well­
man and McDougall, 1974; Sutherland, 1983). 
The northernmost central volcano province is 32-33 
Ma old and lies at 21° South. This is about 400 km 
east and 60 km south of the vents in the Chudleigh 
province. Assuming volcano spacing is regulated by 
the tcnsional stress field along the highlands (Ste­
phenson and Lambeck, 1985) and a migration rate 
of 66 km/Ma (Wellman and McDougall, 1974) for 
the central volcano-type activity, the hot spot would 
be predicted to be within the Chudleigh region some 
33-35 Ma ago. A 35 Ma crystallization age is consistent 
with the chemical and isotopic data, thus the xenoliths 
may represent a lower crustal manifestation of basaltic 
magmatism in the region. Consequently, the Cenozoic 
igneous activity throughout eastern Australia may have 
provided more volumetrically significant crustal ad­
ditions than are represented by the extruded rocks 
alone.
CONCLUSIONS
Integrated petrographic, geochemial and isotopic 
data for the granulite facies xenoliths from north 
Queensland indicate the rocks formed as cumulates 
from an evolving continental tholeiitic or alkalic ba­
saltic magma which crystallized deep within the crust 
and isobarically re-equilibrated. The coherent geo­
chemical and isotopic trends suggest that the basaltic 
liquid evolved through simultaneous crystal fraction­
ation and assimilation of felsic crustal material. In par­
ticular, the good correlation between Sr and Nd isotopic 
composition and Mg# rule out mantle source hetero­
geneities as a means of producing the observed spread 
in isotopic compositions and suggests a young (Ceno­
zoic) age for these xenoliths. The inferred isotopic 
composition of the mantle source region for this suite 
has a long term LREE and Rb depleted character, sim­
ilar to the MORB source region. Features of this study 
which have wide ranging implications are:
(1) The enriched isotope compositions for these 
xenoliths are produced through simultaneous assimi­
lation and fractionation, suggesting the use of caution 
when interpreting mantle source characteristics from 
continental tholeiites which have experienced even 
limited amounts of fractionation within the lower crust;
(2) The positive correlation between i47Sm /l44Nd 
and l43N d/l44Nd is a product of mixing of a basaltic 
magma and an older, felsic crustal component and has 
no age significance. Thus, careful evaluation of trace 
element data along with isotopic results is required to 
interpret the meaning of possible “isochrons” from 
lower crustal xenolith suites.
(3) It may be possible to determine the age of ge­
netically related lower crustal xenolith suites that have 
evolved through AFC-type processes by back-calcu­
lating their isotopic ratios to the time at which the 
samples plot along a trend on an eNd versus 37Sr/86Sr 
diagram.
(4) These xenoliths provide evidence for Cenozoic 
basaltic underpiating in the lower crust of eastern Aus­
tralia, though the volumetric significance of this pro­
cess is not constrained.
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APPENDIX
PETROGRAPHIC DESCRIPTIONS OF 
ANALYZED SAMPLES
Plagioclase-rich samples
83-107. Polygonal, optically zoned labradorite forms medium­
grained (—0.3 mm) matrix around larger (up to 4 mm) de­
formed piagioclase (labradorite) with irregular grain bound­
aries, and elongate olivine-centered coronas. Olivine (Foj4_70, 
variably altered to red-brown iddingsite) is rimmed by ortho- 
pyroxene which is generally rimmed by fine-grained spinel- 
pyroxene symplectite. Rare, large (~ 4  mm), optically contin­
uous, poikilitic orthopyroxenes show some exsoiution 
lamellae. Piagioclase within orthopyroxene have preserved 
lath-shaped crystal form. Piagioclase contains tiny ( — 5-10 
nm), euhedral spinel inclusions.
83-112. Medium-grained (~0.5 mm), polygonal andesme 
matrix surrounds clusters of polygonal clinopyroxene (with 
thin exsolution lamellae)-orthopyroxene-magnetite (with il- 
menite exsolution). Magnetite/ilmenite rimmed by dark al­
teration runs. Oriented oxide inclusions within clinopyroxene. 
Piagioclase devoid of spinel inclusions. Grain boundaries al­
tered.
83-114. Medium-grained (~1.5 mm), zoned, deformed and 
broken labradorite (with andesine rims) with irregular grain 
boundaries surrounds irregularly-shaped, zoned and fractured 
clinopyroxene and orthopyroxene crystals and symplectic 
spinel-pyroxene intergrowths. Garnet forms completely ke- 
lyphitized thin rims around spinel. Grain boundaries altered. 
Piagioclase contains small ( — 75 um), elongate spinel inclu­
sions.
83-117. Medium-grained (0.6 mm), polygonal andesine sur­
rounds symplectic intergrowths of pyroxene-spinel. Spinel 
surrounded by completely kelyphitized garnet. Orthopyroxene 
altered yellowish-brown with dark brown staining in fractures, 
some spinel altered to lemon yellow color. Much grain­
boundary alteration. No spinel inclusions within plagioclases.
83-125. Coarse- to medium-grained (4 to 0.5 mm) andesine 
(large grains broken, small grains polygonal) forms matrix 
around euhedral garnet and gamet-clinopyroxene intergrowths 
or clusters. Clinopyroxene has typically smooth grain bound­
aries and no exsolution lamellae. Orthopyroxene rare. Rare, 
small ( — 250 ym)  spinel cores occur at center of euhedral 
garnets. Garnets totally kelyphitized. Grain boundaries and 
fractures altered. Piagioclase devoid of spinel inclusions.
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S3-127. Coarse-grained (up to 3 mm), zoned, fractured labra- 
dorite, with andesine rims, surrounds clusters of clinopyroxene 
and coarse-grained symplectic orthopyroxene-spinei, which 
are sometimes rimmed by clinopyroxene. Plagioclase contains 
large (—150 pm), euhedral spinel inclusions.
83-131. Coarse-grained (up to 4 mm), zoned, deformed lab- 
radorite crystals (with andesine rims) form irregular grain 
boundaries with large (— 2 mm) clinopyroxene crystals which 
show abundant exsolution lamellae. Smaller (—0.3 mm), po­
lygonal clinopyroxenes have no exsolution. Euhedral garnet 
found within plagioclase matrix. Symplectic pyroxene-garnet 
rimmed by orthopyroxene. Some relict spinels at center of 
symplectic pyroxene-gamet intergrowths. Clinopyroxene rims 
orthopyroxene. Rare secondary amphibole. Some plagioclase 
crystals contain large (—150 pm), euhedral spinel inclusions. 
Grain boundaries relatively free of alteration.
83-133. Medium-grained (—0.5 mm), polygonal andesine 
forms matrix around mosaic-textured clinopyroxene clusters, 
symplectically intergrown orthopyroxene-gamet, and euhedral 
garnet. Occasional spinel cores at center of sympiectites; no 
spinel observed at centers of euhedral garnets. Garnet within 
symplectite and garnet rims all kelyphitic. Some plagioclase 
crystals riddled with small (—30 uni), euhedral spinel inclu­
sions. Grain boundaries have thin coating of brown material.
83-138. Coarse-grained (up to 4 mm), zoned, deformed and 
broken labradorite crystals with irregular grain boundaries 
form matrix around large (—5 mm) clusters of coarse-grained 
(up to 4 mm) clinopyroxene with smaller orthopyroxene and 
spinel. Coarse-grained clinopyroxene shows abundant thin 
exsolution lamellae and contains many COr rich fluid inclu­
sions. Spinel symplectically intergrown with pyroxene. Spineis 
sometimes have very thin, kelyphitized garnet rims. Ortho­
pyroxene tends to be concentrated toward outside of clusters 
or within plagioclase matrix. Grain boundaries and fractures 
altered. Plagioclase does not contain euhedral spinel; some 
large clinopyroxenes contain spinel inclusions.
83-140. Coarse-grained (up to 4 mm), deformed and broken 
labradorite (rimmed by andesine), surround gamet-pyroxene 
sympiectites and large, deformed clinopyroxenes and ortho­
pyroxenes with exsolution lamellae. Rare spinel at center of 
gamet/pyroxene intergrowths. Orthopyroxenes rimmed by
clinopyroxene when in contact with plagioclase. Some ortho­
pyroxenes contain needle-like inclusions of rutile(?). Garnet 
heavily kelyphitized leaving only unaltered cores. Minor, small, 
red-brown amphibole. Rare ilmenite and zircons (<16 pm 
long). Grain boundaries altered. Plagioclase contains —150 
pm  long spinel inclusions.
Pyroxene-rich samples
83-110. Coarse-grained (up to 3 mm), polygonal to irregular 
labradorite crystals with smaller, oval clinopyroxene and or­
thopyroxene crystals interlayered with coarse-grained clino- 
pyroxene-orthopyroxene layers with minor plagioclase and 
rutile. Some of the larger pyroxene crystals have exsolution 
lamellae in two directions. Grain boundaries altered. Plagio­
clase does not contain spinel inclusions.
83-115. Coarse-grained (up to 4 mm), polygonal to irregular 
clinopyroxene and smaller orthopyroxene predominate with 
interstitial labradorite and rutile. Rare, thin exsolution lamellae 
in clinopyroxenes. Opaques occur along grain boundaries. 
Small rutile inclusions within pyroxenes. Plagioclase devoid 
of spinel inclusions.
Transitional samples
83-126. Coarse-grained (up to 3 mm), zoned, deformed lab­
radorite, with andesine rims and irregular grain boundaries 
occurs with large (up to 3 mm) clinopyroxenes (with abundant 
exsolution lamellae) and orthopyroxenes. Clinopyroxene 
contains rutile lamellae. Spinel is intergrown with grthopy- 
roxene and rimmed by clinopyroxene. Spinel and orthqpy- 
roxene rims altered dark brown. Grain boundaries and frac­
tures altered and iron-stained. Plagioclase contains rare spinel 
inclusions.
BC. Medium-grained ( -0 .3  mm), generally untwinned, po­
lygonal andesine crystals occur with euhedral garnets and large 
(up to 4 mm), recrystallized clinopyroxenes which often have 
an irregularly distributed, peculiar, vermicular-like texture. 
Rare, pale green spinels at center of some garnets. Gamets 
completely kelyphitized. Pyroxenes contain very small ( — 70 
Mm), irregular, pleochroic (biotite?) and opaque inclusions. 
Plagioclase devoid of spinel inclusions.
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and their tectonic significance
St u a r t  R o ss  T a y l o r 1, R o b e r t a  L. R u d n i c k 1, Sc o t t  M. Mc Le n n a n 1 and Ke n n e t h  a . Er ik sso n 2
‘Research School of Earth Sciences, Australian National University, Canberra, ACT 2601 Australia 
:Department of Geological Sciences, Virginia Polytechnic Institute, Blacksburg, VA 24061, U.S.A.
{Received April 3, 1986; accepted in revised form July 3, 1986)
Abstract— Metasediments from two contrasting types of Archean high-grade terrains are interpreted as being 
derived from distinct tectonic settings. The Kapuskasing Structural Zone, Canada, represents the deep roots 
of a typical greenstone belt, whereas the Limpopo Province, southern Africa and Western Gneiss Terrain, 
Australia, mainly consist o f shelf sediments deposited on a granitic basement and then buried to the depths 
required for granulite facies metamorphism. Upper amphibolite to granulite facies paragneisses from the 
Kapuskasing Structural Zone have REE patterns similar to those of greenstone belt sediments, except where 
partial melting has occurred, forming restites with Eu enrichment and melts with Eu depletion. Except in 
this latter instance, metamorphism has not affected the primary REE patterns. REE patterns in Archean 
upper amphibolite to granulite facies metasediments from the central Limpopo Province and Western Gneiss 
Terrain show wide differences, ranging from patterns which resemble those in post-Archean terrigenous 
sediments, to typical Archean sedimentary rock patterns. The diversity in REE patterns for these shallow 
shelf metasediments is interpreted as resulting from derivation from local provenances. Samples with “post- 
Archean” patterns, displaying Eu depletion, are interpreted as being derived from K-rich granitic plutons 
which were portions of small, stable early Archean terrains, precursors of the widespread late Archean- 
Proterozoic episode of major cratonic development.
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REE AS INDICATORS OF CRUSTAL EVOLUTION
Ra r e  e a r t h  e l e m e n t s  (REE) are relatively insoluble 
elements, with short residence times in the ocean. Ac­
cordingly, they are transferred almost quantitatively 
from upper crustal sources to terrigenous sedimentary 
rocks. The observed uniformity of REE patterns in 
post-Archean terrigenous sedimentary rocks, in con­
trast to the diversity of source rock patterns, is inter­
preted to indicate that the processes of erosion, trans­
portation and deposition provide thorough mixing and 
averaging of these differing source patterns. Thus the 
REE patterns preserved in the sedimentary record 
provide an overall average of the composition of the 
upper crustal rocks exposed to erosion.
Post-Archean sedimentary rocks
Post-Archean terrigenous sediments display a de­
pletion in Eu, relative to the other REE, when nor­
malized to chondritic REE abundances. Since mantle 
derived igneous rocks (the ultimate source of the con­
tinental crust) rarely display either relative depletion 
or enrichment in Eu and since no upper crustal res­
ervoir enriched in Eu has been identified, the depletion 
of Eu in the upper crust has been ascribed to intra- 
crustal processes, whereby K-rich felsic igneous rocks, 
depleted in Eu, are produced. Petrological and isotopic 
evidence favour intraerustal melting, rather than frac­
tional crystallization, to produce large volumes of K- 
rich granitic rocks (e.g. Wyllie, 1977; ALLlGRE and 
Ben  Ot h m a n , 1980). In this model, Eu2* is retained 
in plagioclase, in the lower or middle region of the 
crust (T a y l o r  and M cLe n n a n , 1985). Such reservoirs 
have not been positively identified. The ubiquitous de­
pletion of Eu in upper crustal terrigenous sediments is 
thus considered due to the domination of the present 
composition of the upper crust by K-rich granites, 
granodiorites and other felsic igneous rocks produced 
by intraerustal melting.
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Archean sedimentary rocks and the significance of 
the Archean-Proterozoic boundary
Studies of REE patterns in low-grade Archean sed­
imentary rocks from Western Australia, South Africa, 
Canada, and Greenland reveal a significant difference 
from that observed in the post-Archean record (see 
recent review by Mc Len n a n  and T a y l o r , 1984). 
There is more diversity in the patterns, which may be 
flat, MORB-like, or steeply LREE-ennched, typical of 
Na-rich plutonic rocks (tonalites, trondhjemites, with 
occasional Eu enrichment) and felsic volcanics. These 
patterns are attributed to local provenance effects. 
Mostly the patterns in the sedimentary rocks are in­
termediate, approximating 1:1 mixtures of the extreme 
basic and felsic patterns. Significant Eu anomalies are 
absent This evidence is consistent with an Archean 
upper crust dominated by the bimodal basalttonalite- 
trondhjemite-dacite igneous suite. Archean sedimen­
tary rocks sampled are typically located in greenstone 
belts, but their petrography and chemistry indicate that 
they sample a wider provenance. For example, the 
metasediments at Kambalda, localized in a basic-ul- 
trabasic volcanic sequence, contain a substantial Na- 
granitic component (Bav in t o n  and Ta y lo r , 1980). 
Since the presence of 10% or more of K-rich felsic 
igneous rocks with Eu depletion would be reflected in 
a corresponding depletion of Eu in the sediments, the 
general absence of such effects has been taken as evi­
dence that K-rich granites and granodiorites were scarce 
(<10% exposure) in the upper crustal rocks being sam­
pled. These observations have led to a model of crustal 
growth in which the Archean upper continental crust 
is dominated by the bimodal basalt:tonalite-trondh- 
jemite-dacite suite, mostly of mantle derivation, 
whereas the post-Archean upper crust is dominated by 
K-rich granites, granodiorites and associated volcanic 
rocks, the products of intracrustal melting (T a y lo r  
and M cLe n n a n , 1985).
Major intracrustal melting events, preceded on time 
scales of 108 years by a massive addition of material 
from the mantle, are thus thought to occur over a pe­
riod of 500-700 Ma towards the end of the Archean. 
This event is proposed to constitute the major episode 
in the growth of the continental crust, about 75% hav­
ing been formed by about 2500 Ma ago, at the com­
mencement of the Proterozoic Era.
Archean high-grade terrains
Archean sedimentary rocks found in high-grade 
metamorphic terrains have received little attention in 
formulating these models, partly because little geo­
chemical work has been carried out in such regions. 
The limited REE data that have been reported 
from Greenland (Bo a k  et al., 1982; Dy m e k  et ai, 
1983; Mc Len n a n  et al., 1984), Montana-Wyoming 
(M u e ller  et al.. 1982; G ibbs et al., 1986) and India 
(N aQVI et al.. 1983) indicate considerable variability, 
suggestive of the dominating influence of local prove­
nance effects. There is growing evidence that many
high-grade terrains contain metasedimentary rocks 
deposited in a different tectonic setting from those of 
the well studied greenstone belts.
In this paper, we study REE data for metasedimen­
tary rocks from two contrasting types of Archean high- 
grade terrains. These are: 1) the Kapuskasing Structural 
Zone of Central Ontario, Canada, and 2) the Limpopo 
Province of southern Africa and Western Gneiss Ter­
rain of Western Australia. The former region consti­
tutes a high-grade equivalent of typical late Archean 
greenstone belts, whereas the latter regions are exam­
ples of high-grade areas containing sedimentary rocks 
deposited in a cratonic environment.
GEOLOGICAL SETTINGS 
Kapuskasing Structural Zone (KSZ), Canada
Rocks of the Kapuskasing Structural Zone (Fig. 1) represent 
highly metamorphosed equivalents of the widespread low- 
grade Archean granite-greenstone terrains. The KSZ transects 
the Superior Structural Province of central Ontario, extending 
from the eastern shores of Lake Superior northeast to the 
southern shores of James Bay. Along the southern portion, 
in the Chapleau-Foleyet region, granuiite facies gneisses are 
in fault contact with rocks of the Abitibi greenstone belt to 
the east and grade into lower grade rocks of the Michipicoten 
greenstone belt to the west, over a distance of about 120 km. 
This gradation from granuiite through greenschist facies rocks 
is interpreted to represent an oblique cross section through 
about 20 km of Archean crust (Perctval and Ca rd , 1983). 
Detailed zircon geochronologic work by Perctval and 
Krogh (1983) reveals the following tectono-thermal history 
prior to overthrusting: deposition of the volcanic-sedimentary 
sequence of the Wawa and Abitibi greenstone belts and in­
trusion of plutons ~  2750-2696 Ma ago, metamorphism and 
tectonism 2700-2685 Ma ago, and post tectonic plutonism 
2685-2668 Ma ago.
Pressures and temperatures of metamorphic equilibration 
increase gradually from west to east across the KSZ. Perctval 
(1983) recognizes two high-grade metamorphic zones. (1) The 
gamet-clinopyroxene-plagioclase zone, characterizing the 
transition from amphibolite to granuiite facies, extends from 
the Ivanhoe Lake cataclastic zone in the east, westward into 
tonalitic rocks of the Wawa subprovince and (2) The ortho­
pyroxene zone, which characterizes the granuiite facies, occurs 
in four patches within the eastern and northern portion of the 
KSZ. Mineral pair thermobarometry yields temperatures 
> 800°C in the east, ranging to under 600°C in the west, with 
pressures ranging from 5.4 to 8.4 kbar (Perctval, 1983).
The Limpopo Province, Southern Africa
In contrast with the KSZ, the Limpopo Province (Fig. 1) 
forms an example of those Archean high-grade terrains which 
consist predominantly of metasedimentary rocks, and lack 
the extensive metavolcanic sequences typical of greenstone 
terrains. The Limpopo Province is bounded to the north and 
south by typical Archean granite-greenstone terrains. The 
metasedimentary rocks studied here, part of the Beit Bridge 
Complex, overlie Sand River gneisses (3786 ± 61 Ma (Rb- 
Sr), Barton et al., 1983), and are intruded by the Messina 
layered intrusion (3270 ± 105 Ma (Pb-Pb) Barton et al.. 
1983). The Beit Bridge supracrustals are thus early Archean 
in age. Metamorphic pressures and temperatures are estimated 
at about 10 kbare and over 800°C (Horrocks, 1983).
Lithological associations present in the Beit Bridge Complex 
have been studied by Eriksson and Kidd  (1985). Quartzites 
up to 100 m thick are interpreted to be of detrital sedimentary 
origin, on account of high concentrations of heavy minerals 
(zircon, rutile), rather than as recrystallized cherts (Fripp,
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Fig. 1. Generalized geological maps and sample localities for the Limpopo Province (top left) (after 
Watkeys, 1983), the Kapuskasing Structural Zone (bottom left) (after Percival, 1983) and the Mount 
Narryer region of the Western Gneiss Terrain (right) (after Williams et ai., 1983).
1983). They are interiayered in places with amphibolites, in­
terpreted as basic sills and dikes. Widespread biotite-gamet- 
cordierite-sillimanite gneisses resemble shales in composition 
and are interpreted as mctapelites (Brandl, 1983; Fripp, 
1983). Associated magnetite quartzites (metacherts) represent 
metamorphosed iron formation. Units of marble and calc- 
silicate gneiss up to 30 m thick are interpreted as metasedi­
mentary carbonates or calcareous-peiites. The protolith of the 
fourth association, the gray gneisses, is interpreted as arkose 
(Eriksson and Kidd , 1985). These authors have estimated 
the lithologic proportions of the primary sedimentary rock 
types in the Belt Bridge Complex as: mudstone: 50%; quartz 
arenite: 17%; arkose: 17%; and limestone and calcareous 
mudstone: 17%.
Such a sequence is clearly different from the Archean 
greenstone belt terrains and represents a distinct early Archean 
tectonic setting. It resembles the widespread quartz arenite- 
carbonate association which characterizes shallow cratonic 
shelf environments in the Proterozoic and Phanerozoic. The 
Beit Bridge supracrustals are thus considered to constitute an 
Archean precursor of later widespread cratonic shelves.
The Western Gneiss Terrain (WGT), Western Australia
The Western Gneiss Terrain is situated along the western­
most margin of the Archean Yilgam Block, Western Australia. 
This terrain is composed mainly of banded, locally migmatitic, 
granitic (s.l.) gneiss with interiayered metasedimentary and 
mafic lithologies (Gee et cd., 1981). Tonalitic rocks, the dom­
inant rock type in many Archean terrains, are only minor 
components in this region (Gee et ai, 1981). Metamorphic 
grade is generally upper amphibolite, but granulite facies as­
semblages are locally developed (e.g., orthopyroxene-gamet 
assemblages in some metapelites).
The samples investigated in this study come from the 
northern portion of the Western Gneiss Terrain, in the vicinity 
of Mount Narryer (Fig. 1). Major rock types in this region are
old (>3380 Ma) adamellitic and syenogranidc gneisses, frag­
ments of a disrupted layered mafic intrusion, and younger 
metasediments (Myers and Williams, 1985; Kinny et ai., 
1986). Like the Limpopo metasediments, the lithologic as­
semblages in the ML Narryer region are characteristic of shal­
low shelf depositional environment quartzite, conglomerate, 
pelite, carbonates and banded iron formation (Gee et ai., 
1981).
The depositional age of the metasediments is not precisely 
known, but zircon geochronology on the ML Narryer quartz­
ites and metapelites constrains it to be between 3250 Ma (the 
age of the youngest detritai zircons) and ca. 2800 Ma (the age 
of metamorphic rims on zircons) (Kinny, 1986; Kinny et 
cd.. 1986). As sediments would be expected to contain a sample 
of detritai zircons from any exposed igneous rock, the large 
time interval between 3250 and 2800 Ma shown by zircon 
ages in the metasediments indicates either a lack of igneous 
activity during this period or deposition of the sediments soon 
after 3250 Ma. The latter hypothesis is considered more likely.
ANALYTICAL RESULTS
Sample selection
A description of samples and sample localities is given in 
the Appendix. It is always difficult to recognize with certainty, 
metapelitic lithologies in high-grade metamorphic terrains. 
Lithological associations, such as interiayered metaquartzites 
and carbonates, the presence of graphite, high A120 3 content 
or the occurrence of aluminous minerals such as garneL sil- 
limanite and cordierite and evidence for production of the 
rock through weathering processes from major element data 
{e.g., high Al20 3/N a20  ratios) all may be used as evidence for 
a sedimentary protolith. None of these characteristics alone 
is diagnostic.
In the Limpopo and WGT suites, sedimentary parentage 
is clear on the grounds of mineralogy, composition and lith­
ologic association. A sedimentary origin for samples from the
2270 S. R. Taylor et ai.
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K
La 3 » . 6 29.2 39.8 24.6 14.0 0 . 6 8 41.9 1 6 . 0 1 3-0 59.1 19.1 9 .0 5 41 17.3
Ce 65 .0 49.7 30.7 5 0 .6 3».1 1 .56 73.1 32.5 2 5 .2 113 40.0 2 0 .5 76
Pr 6 .95 4 .89 8.81 4.92 5 .16 0 .1 9 9 .15 3 .85 3.06 11.6 4.37 2 .37 7.12 4.36
Nd 26.3 17.4 35.7 2 0 .5 2 5 .9 0 .3 8 29 .7 15.8 12 .2 40.3 17.2 9 .78 22.4 16.6
Sa 5 .99 4.16 7 .60 3-99 7 .38 0 .2 6 5 .45 3.57 2-35 6 .20 2.76 2 .02 2.85 3.15
Eu 1.23 0 .7 7 1 . 40 1.07 2 .75 0 . 0 9 1.38 1.26 0 .9 4 1.39 1 .07 0 .4 6 0 .43 0 .3 9
Gd 5.51 4.26 7 .09 3.15 9.29 - 3-25 4.27 1.78 3.38 1.68 2 .07 2.00 2.15
Tb 0 .92 0 .75 1.31 0.4 2 1.38 - 0 .30 0 .2 8 0 .50 0 .2 9 0 .4 4 0 .38 0 .4 0
Dy 5 .73 4 .86 10.8 2. 32 3 .68 0 .2 6 2.51 5 .19 1.61 2 .68 1.72 2 .97 2.61 2.67
Ho 1.14 0 .90 2 .97 0. 42 1.80 - 0 .57 1.07 0 . 3 0 0 .48 0 .3 5 0 .7 0 0 .5 8 0 . 5 9
Er 3-38 2 .6 6 11.0 1.21 4.94 0. 1 4 1.66 3.02 0 .3 3 1.33 0 .92 2 .0 8 1.68 1.34
rb 3.01 2 .24 14.5 1 .26 4 .43 0 . 1 2 1.60 2.94 0 .82 1 .28 0 .3 9 2 .2 2 1.56 1 .71
cREE 160 123 226 115 120 4 .2 171 91 63 242 91 55 159 51
Eu/Eu» 0 .6 5 0 .5 6 0 .5 8 0 .95 1.07 1 .0 1 .0 0 .9 9 1 . 41 0 .93 1.52 0.71 0 .53 0 .46
Lag/Tb* 7 .8 8 . 3 1 .9 13.2 2.1 3-9 17.7 3 .7 10.7 33.0 14.5 2 .3 17.8 6 .8
r 29 23 64 15.7 45 1 .25 19.5 27 8 .4 9 .4 12.2 17 1 4 15
M ethod: S park  s o u rc e  « a a s  s p e c t r o « a t r y  (SSMS). (T a y lo r  and G o rto n , 1977) -  : no d a ta
Kapuskasing Structural Zone is somewhat less obvious because 
of the lack of sedimentary structures or associations. The gen­
erally high AI2O3 content (up to 18.2%) and rare occurrence 
of graphite do, however, point to a sedimentary origin.
Two samples, KSZ-12 and KSZ-13 are from the same out­
crop and, on the basis of field evidence, are clearly affected 
by partial melting.
Methods
Rare earth elements, Th, U and some other trace elements 
were determined by spark source mass spectrometry using the 
method described by Taylor and Gorton (1977). Other 
elements were determined by a combination of electron mi­
croprobe on fusion glasses. X-ray fluorescence spectrometry, 
atomic absorption spectrometry and inductively coupled argon 
plasma spectrometry. The details of which elements were de­
termined by which methods are provided in the tables of an­
alytical data (Tables 1-5).
Rare earth element data
The results are given in Table 1 for the six Limpopo and 
three Western Gneiss Terrain metasediments and five Ka- 
puskasing para gneisses.
The Kapuskasing samples, where unmodified by partial 
melting, have REE patterns typical of low-grade Archean sed­
iments (Figs. 2, 3). Two samples (KSZ-1 and KSZ-8) possess 
variably enriched LREE ((La/Yb>N = 26 and 5, respectively), 
with no Eu anomaly (Fig. 2). The two samples which have 
undergone partial melting (Fig. 3) have complementary REE 
patterns. The restite, KSZ-13, is LREE enriched ((La/Yb>N 
= 13) with a large positive Eu anomaly and the melt, KSZ- 
12, is extremely LRJEE enriched ((La/Yb)M = 49) with a slight 
negative Eu anomaly (Eu/Eu* = 0.93). If these two patterns 
are combined in 50:50 proportions, the resultant REE pattern 
closely matches that of unmelted paragneiss KSZ-1 (Fig. 2). 
Paragneiss sample KSZ-11 is LREE enriched ((La/Yb)N -  16) 
and has a large positive Eu anomaly. These features resemble 
those of KSZ-13, the paragneiss restite, suggesting that KSZ- 
11 may also be a restite.
The Limpopo metasediments provide an interesting con­
trast. These samples show a wide vanauon in REE patterns 
(Table 1, Fig. 4). Two samples have patterns which resemble 
those of post-Archean terrigenous sediments (PAAS, NASC, 
ES, Taylor and McLennan, 1985; Fig. 4a), with significant 
depletion in Eu (Eu/Eu* values are 0.56 and 0.65). A third 
sample (LP-30) has a peculiar V-shaped pattern (Fig 5), which 
may be due to garnet concentration through metamorphic 
differentiation. This is discussed in more detail in the following
KAPUSKASING
IO O-
• KSZ1
° KSZ 8
p KSZ11
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
Fig. 2. Chondrite-normalized REE plots for metasedimentary rocks from the Kapuskasing Structural 
Zone. Note that the patterns have variable La/Yb ratios and lack negative Eu-anomalies. Sample KSZ11, 
with the positive Eu-anomaly, may have had a small partial melt fraction removed. These patterns are 
similar to those found in sedimentary rocks deposited in most Archean greenstone belts.
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KAPUSKAS1NG
• KSZI2 (melt)
■ KSZ 13 (restite)
O I/I  Mix
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
Fig . 3. Chondrite-normaiized REE plots of melt and restite phases of a single outcrop of paragneiss from 
the Kapuskasing Structural Zone. Also shown is a REE pattern derived from 1/1 mixing of the restite and 
melt phases. This pattern is similar to those shown in Fig. 2 and indicates there probably has not been large 
scale removal of any melt phase on an outcrop scale.
section. The other three Limpopo metasediments display quite 
different patterns (Fig. 4b). Sample LP-20 has no Eu anomaly 
and a high La/Yb ratio, resembling the Archean Yellowknife 
and Pilbara sediments (Jenner et al., 1981; McLennan et 
al., 1983), suggesting it is derived from a source dominated
LIMPOPO
• LP4
° LPII
o LP28 
• LP20
■ LPI4
La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er
Fig . 4. Chondrite-normaiized REE plots of metasedimen­
tary rocks from the Limpopo Province, a). Samples showing 
significant negative Eu-anomalies. These REE patterns are 
typical of post-Archean sedimentary rocks and differ from 
typical Archean sedimentary rocks found in greenstone belts. 
Such patterns indicate that in some regions, Archean crust 
underwent intracrustal melting to produce K-rich granitic 
rocks, which were then incorporated into terrigenous sedi­
ments. b). Samples showing variable La/Yb ratios and lacking 
negative Eu-anomalies. Sample LP-14 is a ferruginous me­
tachert and is probably from an iron-formation. These data 
indicate that even in the high-grade terrains which have sed­
imentary rocks possessing post-Archean type REE patterns, 
other sedimentary rocks with REE patterns typical of Archean 
greenstone belts are also common. Overall, these data suggest 
that the K-rich cratonic sources, with negative Eu-anomalies, 
were a local rather than regional feature.
by felsic igneous rocks (McLennan and Taylor, 1984). The 
REE pattern of sample LP-28 resembles the patterns of many 
low-grade Archean metasediments, with no Eu anomaly, but 
is much flatter, consistent with a preponderance of basaltic 
source material (McLennan and Taylor, 1984). Sample 
LP-14, a ferruginous metachert, is generally similar to LP-28, 
although with very low total REE abundances due to dilution 
with quartz. This sample is probably part of an iron-formation 
sequence. REE patterns of Archean iron-formations may, in 
some cases, reflect hydrothermal inputs (Fryer et al., 1979) 
and accordingly are difficult to interpret If crustal sources are 
being reflected in the REE data, the slightly steeper, more 
LREE-ennched pattern, compared to LP-28, would indicate 
a more felsic provenance, with no significant Eu-anomaly.
The three Western Gneiss Terrain samples have compar­
atively uniform HREE patterns (Fig. 6). All are characterized 
by LREE enrichment and substantial negative Eu anomalies 
with Eu/Eu* = 0.46-0.71. HREE patterns are flat at about 
6-9 times chondritic levels. There is variability in the degree 
of LREE enrichment with (La/Sm ^ = 2.8-9.1; the silica-rich 
samples (impure metaquartzites) having the greatest degree 
of LREE enrichment These REE patterns, in genend, resemble 
those in typical post-Archean sedimentary rocks.
Other data
The other geochemical data are presented in Tables 2-5. 
The major element data are particularly interesting (Table 2; 
Fig. 7). The Kapuskasing samples are all characterized by low 
Al20 3/Na20  ratios and low K20 /N a20  ratios. Such data in­
dicate a general absence of significant weathering and/or a 
Na-rich provenance. These characteristics are typical of the 
majority of Archean terrigenous sedimentary rocks (McLen­
nan and Taylor, 1984). Apart from the metachert (LP-14), 
the Limpopo samples fall into two distinct groups. One group 
(LP-20, LP-28) has low Al20 3/N a20  and K20 /N a20 , similar 
to the Kapuskasing samples described above. These are also 
the samples with the typical Archean-like REE patterns. The 
other group (LP-4, LP-11, LP-30), with negative Eu anomalies, 
are characterized by high Al20 3/N a20  ratios and K20 /N a20  
ratios, indicative of fairly severe weathering in the source rocks 
(Nesbitt and Young, 1984). Samples from the Western 
Gneiss Terrain are similar to this latter group but with variable 
K20 /N a20 . The low CaO, particularly in the WGT samples, 
also indicates weathering processes affected the source rocks. 
The data are also consistent with a K-rich source composition.
Most of the samples analyzed have high Th/U ratios (>4) 
which are normally associated with post-Archean recycled 
upper crustal sources (e.g. Taylor and McLennan, 1985). 
However, because of mobility of Th and U during high grade 
metamorphism, and the possibility of accessory phase control
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FlG. 5. Chondrite-normalized REE plot of a Limpopo metapelite showing a negative Eu-anomaly and 
severe HREE-enrichment. The HREE-enrichment is best explained by addition of garnet during metamorphic 
differentiation, however the small amount of garnet present in the sample is insufficient to explain the 
magnitude of the enrichment A complex metamorphic history may be indicated. In any case, we interpret 
the negative Eu-anomaly as being a primary feature and accordingly include this sample with the others 
showing negative Eu-anomalies (see Fig. 4a).
on Th and U abundances in the WGT quartzites (see below), 
the Th/U ratios cannot be regarded as a primary feature.
A number of the Limpopo samples and the metapelite from 
the WGT have high Cr and Ni concentrations (Table 5), with 
Cr values up to 570 ppm and Ni values reaching 220 ppm. 
Although Archean shales commonly have elevated Cr and Ni 
concentrations related to a mafic component in'their prove­
nance, anomalously high Cr and Ni abundances, with asso­
ciated high Cr/V (>4) and Ni/Co (>7) ratios have been noted 
for shales from the Fig Tree and Moodies Group from South 
Africa, as well as some other Archean sequences (Danchin, 
1967; Taylor and McLennan, 1985). The Limpopo and 
WGT samples tend to have Cr/V and Ni/Co ratios which are 
typical of most shales and accordingly the elevated Cr and Ni 
abundances are not anomalous.
INTERPRETATION OF ANALYTICAL RESULTS 
Metamorphic effects
Whole-rock compositions can be affected by gran- 
ulite facies metamorphism in two ways: 1) by loss of 
dements to a fluid phase and 2) by partial melting of 
the protolith. In general, K, Rb, Cs, U, and Th are 
most susceptible to depletion during granulite facies 
metamorphism; the REE are generally considered to
be immobile (H e ie r , 1973; T a r n e y  and W in d l e y , 
1977; R u d n ic k  et al„ 1985). Granulites mostly show 
U depletion, whereas Th, Rb and possibly K, may or 
may not be depleted (R u d n ick . et al., 1985). In addi­
tion, in situ partial melting will partition elements be­
tween the melt and restite portions of the migmatite, 
thereby changing the compositions from that of the 
protolith. However, unless the partial melt is removed 
from the vicinity, no net compositional change is cre­
ated by partial melting.
Of the metasediments investigated here, only some 
of the KSZ samples have been modified by partial 
melting. Samples KSZ-12 and KSZ-13 represent the 
melt and restite, respectively, of a partially melted par- 
agneiss outcrop, with biotite remaining as a stable re­
sidual phase. When mixed together in 50:50 propor­
tions, the resultant major and trace element compo­
sition closely matches that of unmelted paragneiss 
KSZ-1. Thus, partial melting has not resulted in a net 
compositional change on outcrop scale.
K/Rb ratios for the KSZ paragneisses are similar to 
those of unmetamorphosed sedimentary rocks (Table 
3), suggesting that fractionation of K from Rb has not 
occurred during metamorphism. Similarly, Cs contents
WESTERN GNEISS TERRAIN
• MNFN 
° MNK 
■ MN45
Q- 10 -
Sm Eu Gd Tb Dy Ho ErLa Ce Pr Nd
FlG. 6. Chondrite-normalized REE plot of metasedimentary rocks from the Mount Narryer region of the 
Western Gneiss Terrain. All samples show LREE enrichment, flat HREE patterns and negative Eu-anoraalies. 
The variable enrichment of LREE may be related to concentrations of the heavy mineral monazite in the 
quartz-rich samples. Such REE patterns are consistent with a K-rich cratonic provenance.
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Table  2 .Major element d a t a .  In weight p e rcen t
Limpopo Belt Kapuskaslng S t r u c t u r a l  Zone Western Gneiss T e rra in
LP LP LP LP LP LP KSZ KSZ KSZ KSZ KSZ MN MN
4 11 30 20 28 1 4 1 3 11 12 13 “5 FN K
S10, 58 .6 57.5 63.0 69.1 56.5 84.5 63.1 62.0 67.3 68.3 59.8 56.0 80.9 34.9
T10, 0.72 0.37 0.71 0.42 1.60 0.003 0.60 0.79 0 .4 0 0.45 0.68 0.61 0.13 0.03
A1,0, 19.6 15.0 17.0 15.7 14.0 0 . 0 6 17.5 18.2 16.5 15.3 17.4 21 .6 12.6 11.6
FeO 10.0 19.3 7.3 4.6 14.4 1 3.8 5.33 5.50 3.30 4.05 6.87 9.10 5.35 1.20
MnO 0.14 0.39 0.18 0.090 0.3« 0.069 - 0.15 - - 0 .09 0.18 0.15
MgO 6.26 3-74 5.40 2.87 5.74 0.55 3.72 4.05 2.16 2.57 3.9« 10.4 0.58 2.10
CaO 1.05 0.68 1.9 1.70 4.4 0.05 3.59 3.60 4.14 2.18 2.78 0.012 0.10 0.017
Na,0 0.55 0.23 1.16 2.79 1.49 0.05 3.27 3.1« 3.50 3.29 3.36 0.41 0.10 0.15
K,0 2.69 2.00 3.65 2.77 0.9« 0.01 2.32 2.51 1.59 2.76 3.17 1.39 0.12 0.02
I 99.6 99.2 99.8 100.0 99.4 99.1 99.9 99.9 98.9 99.4 98.0 99.6 100.1 100.2
Methods: E l e c t ro n  microprobe on fus ion  g l a s s e s  f o r  Kaspuskaslng samples; com binat ion e l e c t r o n
microprobe,  ICP and AA fo r  Limpopo and Western Gneiss samples , -  :no d a t a .
are high and K/Cs ratios are comparable to those of 
sedimentary rocks, suggesting Cs contents were not af­
fected by metamorphism. The retention of K, Rb and 
Cs in the metasediments is consistent with the apparent 
stability of biotite during the metamorphism. In con­
trast with K, Rb and Cs contents, Th/U ratios are high 
in all but one sample (KSZ-11 Table 4), suggesting 
significant U depletion relative to Th. These samples 
have La/Th values ranging from 2.7 to 6.8. Most Ar­
chean sedimentary rocks have La/Th near 3.6 ±  0.4 
(M cLen n a n  et al., 1980). Thus, little Th depletion 
can be accomodated in these samples. The one sample 
with low Th/U (KSZ-11) has a very high La/Th ratio 
(26, Table 4), suggesting Th depletion. The low Th/U 
ratio and absolute abundances may reflect retention 
of these elements in an accessory phase such as zircon.
Three of the Limpopo metasediments and the WGT 
metapelite have experienced U depletion with little or 
no change in Th (Th/U ratios > 6 and La/Th ratios 
of 2.3-3.8). Of the remaining Limpopo and WGT 
samples, two have low Th/U (LP28 and LP14), with 
relatively high La/Th, suggestive of depletion of Th. 
The other samples (LP20, MNFN, MNK) have Th/U 
and La/Th similar to unmetamorphosed sedimentary 
rocks. Th and U for the two WGT quartz-rich meta­
sediments (MNFN and MNK) are probably controlled 
by detrital accessory phases (see next section). It is not 
known whether LP20 has undergone depletion in Th 
and U or has retained its original LILE concentrations.
The Limpopo sample (LP30) with the enriched 
HREE is interpreted as follows: from La-Gd, the pat­
tern resembles that of post-Archean sedimentary rocks, 
with a significant depletion in Eu. From Tb to Yb, the 
pattern rises steeply, enriched in the heavy REE, typical 
of garnet (zircon cannot account for this enrichment; 
see next section). Although the rock contains 1-2% 
garnet, approximately 10% garnet would have to have 
been added to the rock in order to explain the REE 
pattem. In addition, the garnet is unaltered and shows 
no signs of breakdown. Therefore, while the REE re­
quire some form of garnet concentration on a hand 
specimen scale, presumably through metamorphic dif­
ferentiation, this is not supported by the petrography. 
The reasons for this paradox are unclear although ear­
lier metamorphic events, not preserved in the present 
petrography, could account for this discrepancy. 
Nonetheless, excluding the HREE enrichment, the 
overall REE pattern of this sample suggests a similarity 
to that of post-Archean terrigenous sediments, with a 
significant negative Eu anomaly.
Table  3 Trace el em ent d a t a  f o r  l a r g e  Ion l i t h o p h l l e  e l e m e n t s .  In ppm.
Limpopo B e l t Kapuskaslng S t r u c t u r a l Zone Western G neis s T e r ra in
LP LP LP LP LP LP KSZ KSZ KSZ KSZ KSZ MN MN MN
4 11 30 20 28 14 1 3 11 12 13 45 FN K
CS 3.1 0.48 3-9 11.7 0.14 - 4.9 2 .0 0.P 1.3 3.4 0.4 0.14 0.19
Rb - - - - 65 5« 42 39 95 - - *
3a 390 620 290 600 170 4.0 1055 806 445 793 1270 460 31 130
Sr 22 32 37 154 73 1.5 487 44 9 384 «52 «63 2.7 2 .8 3.3
Pb 27 11 1 4 17 3.2 0.3« 9.3 6.0 8 .0 12.7 7 .6 1.3 8.6 2.5
K/Rb 296 385 314 279 245
Methods: SSMS excep t  S r  In Limpopo and Western Gneis s  samples  by ICP and Rb and S r  In
Kapuskaslng samples by XRF, -  : no d a t a .
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Table  9 Tr ace  e le m en t  d a t a  f o r  h ign  v a le n cy  c a t i o n s .  In ppm.
LP
U
LP 
11
Limpopo S e lb
LP LP LP
30 20 28
LP 
1 4
Kapuskas ing  S t r u c t u r a l  Zone 
KSZ-1 KSZ-8 KSZ-U KSZ-12 KSZ-13
W estern  G n e i s s
MN MN
95 FN
T e r r a i n
MN
K
u 1 . 3 7 1 . 9 5 2.3 2 1.62 1 .91 0 . 9 0 .73 0 .36 0 . 3 1 0 .83 0 .32 0 .99 9.67 1 . 9 0
Th 9 . 1 5 1 2 . 5 19.8 7 .6 9 1.39 0 . 1 0 6.11 2 .69 0 . 99 22.1 5 .58 3.23 16.9 9 . 1 9
Th/U 6 . 7 8 .6 6.9 9.7 0 .73 2 . 9 8.9 7 .5 1.5 27 17 6 .6 3.5 9.8
Hr 2 . 3 8 9 .55 9.95 9 .0 3.22 - 3.60 9.1 2 9.39 3.81 3.39 9 .20 2 .39 3 . 0 3
Zr 37 180 183 - 90 1 . 3 129 1 98 158 120 121 107 62 35
Zr/HT 36 39 37 30 - 36 36 33 32 36 25 26 28
Sn 2 .0 1 .6 9 .5 3.9 8 .0 0 . 3 2.7 2 .2 2 .0 3.1 3.2 1.7 2.1 2.9
MO 2.0 0 .7 9 1.7 0 . 5 1.3 1 . 0 1.7 1.6 1 .2 1 .5 2 .3 0 .7 2 .5 1 .5
Mb n 9 .0 39 1 1 12 0 .5 8 7.5 7 .9 6 .6 8 .3 12.9 7 .5 6 .2 3.0
La/Th 3.78 2 .3 9 2 .69 15 .2 10.1 6 .80 6.86 5.9 5 26 .5 2 .5 7 3-92 2.80 2 .5 0 1 .39
Th/Sc 0 .29 0 .9 6 0.6 9 0 .6 9 0.036 0 . 5 0 .09 3 .0 1.2
Methods : Spa rk  so u rc e  mass s p e c t r o m e t r y ,  e x c e p t  Zr and X by XRF i n  KSZ-8 and KSZ-11. -  : no d a t a
The role o f accessory phases
Accessory phases can affect the concentrations of 
REE, Th and U in sediments if they are preferentially 
concentrated by sedimentary processes during depo­
sition. This factor is particularly significant when con­
sidering coarser-grained clastic sediments such as 
sandstones and siltstones. A number of the samples 
investigated here are quartz-rich, suggestive of being 
sandstones originally. In addition, zircon, apatite and 
monazite are present in some of the samples (see Ap­
pendix), so a brief discussion of their possible influence 
on the REE patterns and Th and U concentrations is 
warranted.
Concentration of detrital zircon could potentially 
cause HREE enrichment in sediments. The amount 
of zircon present can be deduced from whole rock Zr 
concentrations (Table 4). The highest Zr content in
our samples is 180 ppm; this corresponds to <0.04% 
modal zircon, if all this Zr is in zircon. The HREE 
content of zircon is extremely variable (Yb = 30 to 
4000 ppm; G r o m e t  et al., 1984). Therefore, detrital 
zircon could potentially cause a chondrite-normalized 
increase of 0.05 to 6 in Yb, dependent upon the Yb 
content of the zircon. However, all terrigenous sedi­
ments will contain some amount of detrital zircon as 
an integral component (post Archean shales typically 
have 200 ppm Zr, T a y l o r  and M c Le n n a n , 1985). 
Therefore, a sediment would have to possess unusually 
high Zr contents in order for concentration of detrital 
zircons to influence the HREE content. This is not 
observed in any of the samples investigated here. It is 
worth noting that the only sample to show significant 
HREE enrichment (LP-30) has far too high a Yb value 
to be contributed by detrital zircon.
Apatite and monazite can also contribute significant
I I I I 11I M  11
A Western Gneiss Terrain 
•  o  Limpopo 
■ Kapuskasing
increasing effects of 
/  weathering
Fig. 7. Plot of A120 3 versus Na20  for metasedimentary rocks from Archean high grade terrains. Samples 
with open symbols have negative Eu anomalies (Eu/Eu* < 0.9) and samples with filled symbols do not 
(Eu/Eu* > 0.9). Also shown are lines o f constant AljCb/NajO ratio, corresponding to average Archean and 
post-Archean shales (Ta y lo r  and Mc Le n n a n , 1985) and Pleistocene Amazon Cone muds, derived from 
highly weathered sources (Kr o n b er g  et al.. 1986). The heavy arrow indicates the general trend of increasing 
effects from weathering. Samples from the Kapuskasing region (lacking negative Eu-anomalies) show little 
or no signs of weathering, whereas WGT samples (with negative Eu-anomaiies) are derived from severely 
weathered sources. The Limpopo samples show variable influences of weathering, which correlate with 
negative Eu anomalies.
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T a b le  5 T race  e le m e n t  d a t a  f o r  f e r r o m a g n e a la r .  t r a c e  e l e m e n t s ,  t n  ppm.
Limpopo B e l t K a p u sk a s ln g S t r u c t u r a l  Zone W este rn G n e i s s T e r r a i n
LP LP LP LP LP LP KSZ KSZ KSZ KSZ KSZ MN •MN MN
4 11 30 20 28 t 4 1 8 11 12 13 45 FN K
Cr 517 255 260 230 120 2 .2 172 - 1 42 269 570 68 26
V 225 85 1 48 98 250 4 .6 130 35 145 260 27 12
Cr/V 2 .3 3 .0 1 .8 2 .3 0 . 4 8 0 . 4 8 1.3  - 1 .7 1 .9 2 .2 2 .5 2 . 2
Sc 32 13 23 12 39 0 . 2 - - - 35 5 .5 7 . 8
HI 220 “ 3 110 120 29 5 .5 69 - 73 79 213 31 12
Co 50 18 26 19 35 0 . 6 - - 60 12
Nl/Co 4 .4 2 .4 4 .2 6 .3 0 . 8 9 .2 - * - - - 3 .6
Cu 100 13 44 7 .0 1 .4 8 .0 47 - 40 21 - 11
Hn 1080 3020 139 700 2630 535 - - - 710 1 360 1160
Zn - - - - - - 88 36 122 - -
L I 6 42 35 10
M ethod s : ICP f o r  Limpopo s a m p le s  and W e ste rn  G n e i s s ;  XRF f o r  K a p u s k a s ln g  s a m p l e s ,  -  : no d a t a
amounts of U, Th and REE. Lack of P2O5 data pro­
hibits estimates of the concentrations o f these minerals 
in the samples, but thin section examination shows 
these phases are volumetrically less than 0.1%. The 
REE are trace components of apatite, but are major 
constituents of monazite. Consequently, the REE pat­
terns of the two monazite-bearing WGT quartz-rich 
metasediments may be controlled by this phase. Mi­
croprobe analyses of LREE, Th and U contents of 
monazites in samples MNK and MNFN are given in 
Table 6. These data show that only 0.01% monazite 
in MNK and 0.03% monazite in MNFN are required 
to account for all the LREE and Th in these samples. 
Similarly, 0.03% monazite in MNFN could account 
for all the U in this sample, but at least 0.06% monazite 
would be required in MNK to account for the uranium 
content. An unrecognized (J-rich accessory phase may 
supply this additional uranium. Thus, the LREE en­
richment and high Th and U contents of quartz-rich 
samples MNK and MNFN, in comparison to sample 
MN45, are probably due to accumulation of detrital 
monazite.
It is apparent from the discussion in this section that 
REE abundances in sandstones may be seriously af­
fected by the presence of resistant accessory minerals 
which are concentrated by sedimentary processes. The 
potential dominance of such secondary effects in silt- 
stones and sandstones indicate that these sedimentary 
lithologies may be less reliable indexes of broader 
crustal evolution than shales. For these reasons, we 
have mostly concentrated on using shales and similar 
fine-grained sedimentary rocks in our studies of the
TABLE 6 .  LREE, Th and U c o n t e n t s  o f  M o n a z i t e s ,  
w t .  p e r c e n t .
MNK MNFN
Range Average
n -  5
Range Average
n -  8
La 1 2 . 3 - 1 3 . 2 12.7 1 3 . 2 - 1 6 . 4 14 .0
Ce 2 5 . 3 - 2 6 . 7 26.1 2 4 . 2 - 3 ' . 2 2 6 .0
Nd 7 . 9 7 - 8 . 4 8 8 .23 7 . 0 7 - 9 . 0 8 7 .7 0
So 1 . 5 1 - 1 . 6 7 1 .60 1 . 6 5 - 2 . 1 6 1 .76
171 5 . 6 2 - 6 . 8 5 6 .3 2 1 . 7 8 - 8 . 0 0 5 .1 3
U 0 . 1 4 - 0 . 3 7 0 .2 9 1 . 3 9 - 1 . 9 6 1 .62
evolution of the continental crust (e.g. Taylor and 
McLennan , 1985).
Provenance
In the general absence of alteration of REE patterns 
due to metamorphism, we interpret the KSZ, Limpopo 
and WGT REE patterns as primary, reflecting those 
of the original sedimentary rocks (except for sample 
LP-30). The chemical characteristics of the KSZ sam­
ples are very similar to those of greenstone-belt sedi­
ments (McLennan and Taylor, 1984). The steep to 
moderate LREE-enrichment and low Al203 /Na20  and 
K20 /N a 20  ratios of the KSZ samples point to the 
mixing of variable amounts of relatively unweathered 
tonalite-trondjhemite-dacite and mafic rocks to pro­
duce the sedimentary protoliths.
In contrast, the Limpopo samples are characterized 
by chemical variability. Archean sedimentary rocks 
display much more diversity in REE patterns than their 
post-Archean counterparts, consistent with less efficient 
mixing of Archean source lithologies (e.g., McLennan 
and Taylor, 1984). The Limpopo province represents 
an extreme example of this diversity, similar in many 
respects to the REE data from the early Archean high- 
grade metasediments from west Greenland (McLen­
nan et a l, 1984).
Three of the Limpopo samples (LP14, LP20, LP28) 
have patterns resembling those of low-grade Archean 
sedimentary rocks, with provenances ranging from ba­
sic to felsic, and without Eu anomalies. Such patterns 
recall the diversity encountered in the Akilia and Mal- 
ene supracrustal successions (McLennan et al., 1984). 
In this context, the Limpopo metasediments do not 
differ from those of many other Archean terrains.
The other three samples (LP4, LP11, LP30), as well 
as the three Australian samples, in contrast, show REE 
patterns typical of those of the post-Archean terrigen­
ous sequences (Taylor and McLennan , 1985). They 
must be derived, to a large degree, from weathering 
and erosion of K-rich granitic plutons. This is consis­
tent with derivation from a small-scale cratonic source, 
analagous to the present-day upper crust. The major 
element data, with high K20 /N a 20  ratios, is also con-
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sistent with such a source. The observed Eu depletion 
is thus inherited from a K-rich granitic source, which 
in itself was derived by partial melting within the crust. 
This granitic source area could not have been exposed 
to erosion on a large scale, for the sedimentary rocks 
bearing the signature of Eu depletion are not ubiqui­
tous.
TECTONIC IMPLICATIONS
An important conclusion from these data is that 
Archean high-grade terrains cannot be grouped to­
gether and considered to be a distinctive tectonic as­
sociation differing from low-grade terrains. The Ka- 
puskasing, and no doubt other high-grade terrains, 
simply represent highly metamorphosed equivalents 
of greenstone belts. REE data from metasedimentary 
rocks found in such regions can, accordingly, be ex­
pected to have the same characteristics as sediments 
in greenstone belts.
In the Limpopo Province and Western Gneiss Ter­
rain, early Archean metasediments 3.6-3.2 Ga in age 
preserve evidence of deposition in shallow-shelf envi­
ronments. It seems reasonable to suppose that they 
were deposited at the margins of a small craton (Gee 
et al., 1981; Eriksson and Kid d , 1986). The REE 
patterns indicate that a variety of sources were avail­
able, with input from basic and felsic sources, including 
K-rich granites with negative Eu anomalies. Isolated 
sedimentary basins or environments have preserved 
this evidence on a scale of hundreds of square kilo­
meters. The presence of K-rich granitic rocks contrib­
uting Eu-depleted REE to sedimentary basins has the 
following implication. Such Eu-depieted source rocks 
must arise by intracrustal melting at depths not ex­
ceeding about 40 km (i.e., within the plagiociase sta­
bility field). However, available data suggests that such 
Eu depleted sediments are uncommon in the Archean 
record, so that cratonic development and inferred in­
tracrustal melting must be very limited, relative to the 
widespread bimodal igneous activity in Archean ter­
rains. The Na-rich tonalite-trondhjemite-dacite asso­
ciation, at one end of the bimodal suite, are derived 
through partial melting of mafic-ultramafic composi­
tions from depths where garnet is stable (e.g. Barker 
et al., 1981).
It is thus necessary to postulate the following se­
quence of events for the development of the basement 
and cover rocks in the Limpopo Province and Western 
Gneiss Terrain:
(i) Formation of thick crust (>20-30 km).
(ii) Intracrustal melting to produce Eu depleted fel­
sic rocks.
(iii) Erosion and sedimentation producing pelitic 
rocks, with associated quartzites and carbonates, in­
dicative of shallow shelf environments.
(iv) Subsequent burial and granulite—upper am­
phibolite facies metamorphism to produce metapelites 
and associated metasedimentary rocks.
(v) Uplift to give present exposures.
The evidence suggests that localized segments of the 
Archean crust underwent this sequence of events. It is 
curious that only sediments in high-grade terrains pre­
serve this record and that the evidence of intracrustal 
melting is lacking in other Archean terrains. This ob­
servation has important tectonic implications. It im­
plies separate development of greenstone belts and of 
cratonic environments preserved in high-grade terrains. 
The Eu-depleted rocks, sources for the high-grade shelf 
sediments, were not contributing (< 10%) debris to the 
sedimentary basins preserved in low-grade terrains 
(greenstone belts). This appears to contrast with mod­
em sedimentary environments; for example, modem 
deep sea turbidite sands from differing active tectonic 
settings (fore-arc, back-arc, continental arc) very com­
monly show trace element and isotopic evidence for 
derivation from both old recycled upper continental 
crust as well as young volcanic-plutonic sources 
(McLennan et al., 1985). Rare earth element data for 
Phanerozoic greywackes show a similar pattem (Bha- 
tia, 1985). Only some sediments deposited in fore-arc 
basins of wholly oceanic island arcs (e.g. modem Mar­
ianas Basin; McLennan et al., 1985, Devonian Bald­
win Formation; Nance and Taylor, 1977) are devoid 
of a signature of intra-crustai melting.
Recycling and the previous extent o f 
high-grade terrains
There are no detailed compilations of the relative 
proportions of high-grade versus low-grade supracrustai 
successions, although such information is critical for 
models of Archean crustal evolution. Examination of 
geological maps suggests that high-grade rocks may 
comprise as much as 50% of all Archean supracrustai 
exposures. Of these, some proportion is simply a highly 
metamorphosed equivalent of greenstone belts.
Preferential preservation of cratonic environments, 
preserved in high-grade terrains is. also likely. It is now 
well established that intracrustal recycling processes 
are a dominant factor in the preservation and present- 
day distribution of crustal rocks and that recycling rates 
vary considerably with tectonic setting (VEIZER, 1984; 
Veizer and Jansen, 1979, 1985). For example, the 
half-life of sediments preserved in platform settings is 
about 5 times that of sediments deposited in immature 
orogenic belts and >10 times that of sediments de­
posited in active margin basins and deep sea fans 
(Veizer and Jansen, 1985). The result of these dif­
fering rates of recycling is that active margin and im­
mature orogenic belt sediments have a greater potential 
for being lost from the geologic record than are sedi­
ments deposited on cratons.
Archean sedimentary rocks developed in diverse 
tectonic settings. High-grade supracrustai rocks from 
areas such as the Limpopo Province are considered to 
have been deposited in a stable platform environment 
or, possibly, a setting analogous to a modem passive 
margin (Eriksson and Kid d , 1985). The tectonic set­
ting of greenstone belt sediments is a matter of con-
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siderable debate, but all workers agree that they were 
deposited in tectonically active basins; m odem  ana­
logues are considered to include island arc, back arc 
and  foredeep basins (D im r o t h  et al.. 1982; T a r n ey  
e ta i ,  1976; J a c k so n  et al., 1986).
Regardless o f the precise depositional models, it is 
clear tha t greenstone belt env ironm ents w ould be re­
cycled at a rate considerably in excess o f cratonic en­
vironm ents preserved in high-grade terrains such as 
the L im popo Province. It follows th a t these cratonic 
environm ents are preferentially preserved. If relative 
recycling rates from  m odem  environm ents are adopted, 
the cratonic regions may be over-represented by a factor 
o f at least 5. This w ould indicate that such rocks com ­
prised no more than  about 10% o f the exposed Archean 
crust.
A m odel fo r  Archean crustal growth
There is substantial evidence tha t m uch o f the 
growth and stabilization o f the continen tal crust oc­
curred  tow ards the end o f the A rchean (T a y lo r  and 
Mc L e n n a n , 1985). However, a m ajor conclusion o f 
the present w ork is tha t throughout the  A rchean, lim ­
ited and  isolated areas o f crust underw ent substantial 
in tracrustal melting, form ation o f upper crustal felsic 
rocks depleted in Eu, erosion and deposition o f sedi­
m ents depleted in  Eu. This process o f grow th an d  sta­
bilization is directly com parable to the processes re­
sponsible for crustal evolution from  the late A rchean 
onw ards. It seem s th a t for m ost o f these areas, subse­
qu en t burial and  m etam orphism  led to the p roduction  
of high-grade terrains. The reason why these env iron­
m ents are alm ost invariably preserved in high-grade 
terrains rem ains a fundam ental question.
It is unlikely tha t these regions com prised m ore than 
about 10% o f the A rchean crust. W hat were the causes 
o f these events? In the A rchean, high heat flow led to 
the form ation o f  m any sm all plates (B ic k l e , 1978). 
C ontinental areas were also small (T a y l o r  and 
Mc Le n n a n , 1985). In som e cases, tectonic processes, 
the natu re  o f w hich are no t well understood, led to 
thickening (or heating) o f the crust w ith concom itan t 
intracrustal melting. Later, sedim ents deposited in as­
sociated basins were buried to 25 -30  km , perhaps by 
m ini-continental collisions w ith associated overth rust­
ing and  double thickening o f  crust. Because only high- 
grade terrains appear to preserve sedim ents derived 
from  K-rich granitic sources, the tectonic processes re­
sponsible for the developm ent o f  this type o f A rchean 
crust and  the later m etam orphism  may be related. Such 
environm ents provide a fundam entally  distinct tec­
tonic env ironm ent from  the greenstone belts, which 
m ay or may not undergo high-grade m etam orphism . 
Probably crustal growth and  stabilization occurred  in 
a sequence o f sm all step-like increm ents th roughou t 
the A rchean, with a m ajor pulse o f con tinen ta l growth 
in the late Archean.
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APPENDIX
SAMPLE LOCATIONS AND DESCRIPTIONS
(A) Kapuskasing Structural Zone
KSZ-1 paragneiss. From paragneiss unit near Ivanhoe Lake 
cataclastic zone; within orthopyroxene isograd (Percival, 
1983). Plagioclase (An27), garnet and orthopyroxene form 
porphyroblasts in a matrix of deformed quartz, plagioclase, 
aligned biotite, apatite + zircon. Orthopyroxene is deformed 
and partially altered to biotite.
KSZ-8 paragneiss. From paragneiss unit near Ivanhoe Lake 
cataclastic zone; within cpx isograd (Percival, 1983). It con­
sists of coarse-grained quartz, plagioclase (AnM), biotite, garnet, 
graphite, apatite and zircon. Biotite shows preferred orienta­
tion; graphite occurs as large plates aligned parallel to the 
foliation.
KSZ-11 paragneiss. From a partially melted paragneiss 
boulder, on the western end of KSZ within cpx isograd (Per­
cival, 1983). It consists of medium-grained quartz, plagioclase 
(An35), biotite, garnet, apatite and zircon; biotite crystals are 
slightly aligned.
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KSZ-12 and 13 melted paragnetss. From a single outcrop 
in the western portion of the KSZ within cpx isograd (Per- 
cival, 1983). Both samples consist ofquartz, plagioclase! A n26 
in 12 and A n» in 13), biotite, apatite and zircon. KSZ-12 is 
coarse-grained with no preferred orientation o f biotite. It con­
tains a large fragmented garnet which is Mn-rich (11 wt.%) 
and shows textural disequilibrium— it is partially replaced by 
biotite and muscovite. KSZ-13 is fine-grained with aligned 
biotite. Compared with KSZ-12, it has higher proportions of 
biotite and apatite.
(B) Limpopo Province
LP-4 metapelite. From Constantia farm, 2 km north of 
Tshipise. Contains porphyroblastic garnet ( ~ 5  mm), with 
aligned inclusions of quartz, occurring in a medium-grained, 
foliated matrix of quartz, plagioclase, cordiente, biotite, sil- 
limanite, opaques and zircon. Retrogressive features include 
cordiente altered to pinite, sericitized plagioclase and minor 
chlorite replacing biotite.
LP-11 iron-rich metapelite. From Dover farm, southeast of 
Messina. Medium-grained, polygonal garnet, with rounded 
quartz inclusions is intergrown with quartz, K-feidspar, cor­
diente and opaques. Minor biotite, zircon and apatite. Feldspar 
partially sericitized.
LP-14 ferruginous metachert. From Randjesfontein farm, 
southeast of Messina. Layers of magnetite and orthoamphibole 
are surrounded by quartz, which varies from coarse- to fine­
grained. Apatite occurs as an accessory phase. Probably is a 
chert-rich part o f an iron-formation.
LP-20 metapelite. From Tweedale farm, north of .Alldays. 
Porphyroblastic plagioclase occurs in foliated matrix of quartz, 
plagioclase and fibrous biotite. Garnet occurs as minor por- 
phyroblasts with inclusions of biotite and quartz. Zircon and
apatite occur as accessory phases. Plagioclase is heavily seri­
alized in places, and biotite is partially altered to chlorite.
LP-28 metapelite. From Oom Stammetjie se Kop, east of 
Swartwater, which is west of Alldays. Coarse-grained garnet 
and quartz, with symplectically intergrown grunerite and pla- 
giociase. Minor ilmenite and biotite. Plagioclase extensively 
sericitized.
LP-30 metapelite. From Graat Reinet farm, north of 
Swartwater. Large plagioclase porphyroblasts are surrounded 
by foliated matrix of biotite, quartz, cordierite, plagioclase 
and opaques. Minor, small garnet porphyroblasts occur. Zircon 
and apatite are accessory phases. Plagioclase heavily sericitized 
in places; cordierite partially altered to pinite. Minor chlorite 
alteration developed around biotite.
(C) Western Gneiss Terrain
MN45 metapelite. From pelitic layer within Mt. Narryer 
sequence, northern ML Dugel section. Porphyroblastic garnet 
and orthopyroxenes are set in a foliated matrix of cordierite, 
quartz and biotite. Orthopyroxenes have minor alteration rims 
of biotite and chlorite. Magnetite and zircon are present as 
accessory phases.
MNK quartz-rich metapelite. From Mt. Narryer sequence. 
Acicular, aligned sillimanite is surrounded by irregular quartz 
and cordierite. Accessory phases, identified by electron mi­
croprobe, include zircon, rutile, monazite, xenotime, and a 
rare Sc silicate, thortveitite (Sc2Si2C>7 ). Cordierite variably al­
tered to pinite.
MNFN metapelite. From Mt. Narryer sequence. Augen of 
garnet (up to 1.5 mm) are surrounded by a foliated matrix of 
quartz, acicular sillimanite, cordierite, biotite, magnetite and 
ilmenite. Zircon and monazite are accessory phases. Cordierite 
partially altered in pinite.
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Abstract
Lower crustal xenoliths from northern Queensland have highly variable 
compositions, which correlate with their geographic positions. Xenoliths from the 
Chudleigh province, carried in <2 Ma basalts which erupted through Palaeozoic rocks 
of the Tasman fold belt, are exclusively mafic. Three types of xenoliths are present: 
plagioclase-rich, pyroxene-rich and xenoliths transitional between these two types. 
Mineralogy of the plagioclase-rich xenoliths varies from moderate- to high-pressure 
assemblages (20 to 45 km depth), at a relatively constant whole rock composition. 
Coronas of (1) olivine rimmed by orthopyroxene, which is in turn rimmed by 
symplectic pyroxene-spinel and (2) spinel rimmed by garnet, point to isobaric cooling 
of the rocks at different crustal levels. Major and trace element chemistry of these 
xenoliths suggests they are genetically related cumulates from basaltic liquids, but are 
not related to their host basalts.
Crustal xenoliths from the McBride province are carried in <3 Ma basalts which 
erupt through the Proterozoic Georgetown Inlier. These xenoliths range from mafic 
through felsic compositions, with one possible metasedimentary type. All of these 
xenoliths have equilibrated at lower crustal conditions.
The compositional diversity of the xenolith suites from different volcanic provinces 
in north Queensland suggests variations in lower crust composition, which may be 
related to the age and tectonic environment of the different crustal blocks from which 
they come. The mafic xenoliths from the Chudleigh province represent young additions 
to the crust through intrusion of basaltic magmas at depth. The mafic McBride province 
xenoliths may reflect a similar process, or, like the felsic xenoliths, may be fragments 
from an older lower crust, possibly associated with the Proterozoic rocks exposed at the 
surface.
Introduction
The composition of the lower crust is the least known parameter used in estimates 
of bulk crust composition. Geophysical surveys incorporating seismic reflection and 
refraction techniques provide information on the structure and bulk composition of the 
lower crust over wide areas, but are unable to provide petrologic details on crust 
forming processes. Crustal xenoliths carried in alkali basalts occur in continental areas 
of a variety of tectonic settings and ages and provide direct evidence on the 
characteristics of at least a portion of the lower crust in these areas. Studies show that 
many of these xenoliths throughout the world have mafic compositions (see compilation
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by Griffin and O'Reilly, 1986a), but metasedimentary lithologies are locally present 
(e.g., Massif Central, France [Leyreloup et al., 1977; Dupuy et al., 1979], Kilboume 
Hole, New Mexico [Padovani and Carter, 1977]). Many mafic lower crustal xenoliths 
have trace element characteristics typical of basalts or cumulates therefrom (Rogers and 
Hawkesworth, 1982; Leyreloup et al., 1982; Arculus et al., 1985; Stosch et al., 1985), 
which suggests that underplating of mafic magmas may be an important lower crust 
forming process in these areas.
P-wave velocities obtained from seismic refraction profiles in eastern Australia 
range between 6.7 to 7.7 km/sec at 20 to 40 km depth, indicative of a mafic lower crust 
(Finlayson et al., 1980; Finlayson et al., 1984). This may be due to basaltic 
underplating near the crust-mantle boundary, which has been suggested to be a 
significant crust forming process in eastern Australia (Ewart et al., 1980; Griffin and 
O'Reilly, 1986b). Basaltic underplating is also supported by the mafic composition of 
many eastern Australian lower crustal xenoliths (Edwards et al., 1979; Wilkinson and 
Taylor, 1980; Kay and Kay, 1983; Wass and Hollis, 1983; Arculus et al., 1985; Griffin 
and O'Reilly, 1986b).
Geochemical studies of Australian lower crustal xenoliths can help to define the 
processes involved in the genertion of a mafic lower crust. Using trace element 
geochemistry, Wilkinson and Taylor (1980) concluded that the mafic, two pyroxene 
granulite xenoliths from Boomi Creek, New South Wales, represent cogenetic 
cumulates from a layered tholeiitic pluton at a depth of 25 km. Arculus et al., (1986) 
present major and trace element analyses for a variety of xenolith types from various 
localities in South Australia, Victoria and New South Wales and conclude that these 
xenoliths represent crystallized mafic melts, some with variable proportions of cumulate 
phases, which have been metamorphosed and variably contaminated by preexisting 
crust.
Integrated studies of spatially associated xenolith suites are the best means of 
unraveling lower crustal history. Here we summarise petrographic, mineralogic and 
geochemical data for lower crustal xenoliths from two northern Queensland volcanic 
provinces in order to define the composition and origin of the lower crust in this region.
QUEENSLAND XENOLITHS
Geological Setting
In northern Queensland, crustal xenoliths are found in many of the Cenozoic (< 3 
Ma) basaltic lavas which cover an area of -22,000 km“ (Stephenson and Griffin, 
1976). These lavas consist mainly of alkali olivine basalts, hawaiites or basanites and
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have been divided into 5 geographic provinces: Nulla, Sturgeon, Chudleigh, McBride 
and Atherton (Fig. 1). The crustal xenoliths described here are from two of these 
provinces: Chudleigh and McBride. The lavas in these provinces erupt through varied 
crustal types. The xenolith-bearing vents in the Chudleigh province (Batchelors Crater, 
Airstrip Crater and Sapphire Hill) crop out just south of the extension of the surface 
expression of the Burdekin fault zone, separating the medium- to high-grade 
metamorphics of the Proterozoic Georgetown Inlier from the Phanerozoic lavas and 
sediments of the Broken River province of the Tasman fold belt. Basalts from Hill 32, 
in the McBride province, erupted through the centre of the Georgetown Inlier 
(Stephenson et al., 1980). These varied tectonic settings may be reflected in the crustal 
xenoliths, which show marked compositional differences between provinces. Crustal 
xenoliths of the Chudleigh province are exclusively mafic, whereas crustal xenoliths in 
the McBride province exhibit a range in compositions from mafic to felsic, with one 
metasedimentary type.
Previous Work
Petrologic and geochemical investigations of crustal xenoliths from the Chudleigh 
and McBride provinces have been reported by Kay and Kay (1983) and O'Brien 
(1983). Kay and Kay (1983) report mineral analyses and whole rock chemistry for 
mafic xenoliths from Hill 32 in the McBride province and Sapphire Crater and Batchelor 
Crater in the Chudleigh province. They consider the xenoliths to represent two basaltic 
suites: a quartz tholeiite suite (McBride province) and an olivine tholeiite suite 
(Chudleigh province). Kay and Kay (1983) interpret the complex textures observed in 
the Chudleigh xenoliths as reflecting two pressure-temperature histories: (1) igneous 
crystallisation at high crustal pressures (in spinel stability field) with subsequent 
isobaric cooling and recrystallisation, and (2) high-pressure crystallisation followed by 
tectonic uplift and recrystallisation. They interpret the McBride xenoliths as basaltic 
intrusions which crystallised at depth during the Tasman Orogeny. O'Brien (1983) 
reports REE analyses of xenoliths for which major element analyses are given by Kay 
and Kay (1983).
The following sections summarise the mineralogy, petrology, thermobarometry 
and geochemistry of the Chudleigh and McBride province xenoliths. Details of the 
whole-rock major, trace element and isotope chemistry for the northern Queensland 
xenoliths are presented elsewhere (Rudnick et al., 1986).
Mineralogy and Equilibration Conditions
Chudleigh Province
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The mafic xenoliths from the Chudleigh province fall into three general categories: 
plagioclase-rich xenoliths, pyroxene-rich xenoliths and xenoliths with chemical and 
mineralogical features between these two types (transitional xenoliths). The mineralogy 
and textures of the xenoliths are generally complex, reflecting the whole-rock 
composition as well as the variable pressure and temperature conditions which these 
rocks experienced. Metamorphic textures are common, whereas relict igneous textures 
(i.e., large, poikilitic pyroxenes and tabular plagioclases) occur in only a few xenoliths. 
CC^-rich fluid inclusions are present in all xenoliths in varying proportions. The 
plagioclase-rich xenoliths often contain coronas, reflecting incomplete mineral reactions 
associated with changes in T and/or P. Table 1 summaries the mineral assemblages and 
coronal textures observed in the plagioclase-rich and pyroxene-rich xenoliths. Here the 
xenoliths are grouped according to mineralogy; the xenoliths with transitional chemical 
characteristics are grouped with the plagioclase xenoliths because of their high modal 
plagioclase content
The bulk-rock composition of the plagioclase-rich xenoliths is very constant with 
respect to Si02 and AI2O3 contents (Table 2), and the presence of garnet does not 
appear to correlate with normative mineralogies, hence composition (Fig. 2), as found 
for other Australian lower crustal xenoliths (Griffin and O'Reilly, 1986b). Therefore 
the large variation in mineralogy probably reflects differences in P-T conditions 
experienced by these rocks.
Many of the plagioclase-rich xenoliths have appropriate mineral assemblages for 
simultaneous determination of pressure and temperature of equilibration through cation 
exchange thermobarometry. Representative mineral analyses are given in the Appendix 
along with analytical techniques. Table 3 lists the results from two pyroxene 
thermometry (both Wells [1977] and Lindsley and Anderson [1983] methods), 
gamet-clinopyroxene thermometry (Ellis and Green, 1979) and gamet-orthopyroxene 
barometry (Harley and Green, 1982). In all cases, the estimates in Table 3 represent the 
range of pressures and temperatures calculated from analyses of 5 pairs of adjacent 
mineral rims for each sample. In many samples the garnets are altered to kelyphite (as 
described by Kay and Kay [1983]), with a glass forming the outermost rim. This glass 
is detectable by the presence of Na, K and/or P and the inability of the analysis to fit a 
garnet structure. In these samples the garnet analyses were made more towards the 
centre of the garnet and may not represent the outermost rim composition.
The most striking feature of the calculated temperatures in Table 3 is the large 
variation between thermometers. The Lindsley and Anderson (1983) orthopyroxene 
thermometer yields a fairly narrow temperature range between 600 and 750°C for the 
plagioclase-rich xenoliths. The orthopyroxenes in these xenoliths generally have less 
than 6 wt. % non-quadrilateral components, making this thermometer suitable for use
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on these pyroxenes. As noted by Kay and Kay (1983), the Lindsley and Anderson 
clinopyroxene thermometer yields temperatures near 1000°C and these temperatures 
correlate with AI2O3 content of the clinopyroxene. For these reasons, the Lindsley and 
Anderson clinopyroxene temperatures are not reported here. The Lindsley and 
Anderson orthopyroxene temperatures fall below the Wells temperatures by 40-200°C. 
The Wells temperatures are highly variable between samples and do not appear to 
correlate with mineralogy. The Ellis and Green temperatures are also higher than the 
Lindsley and Anderson temperatures and generally overlap the Wells temperatures (Fig. 
3). While the Wells and Ellis and Green temperatures fall within error of a line of slope 
1.0 in Figure 3 (signifying the two thermometers yield the same temperature for a given 
sample), the Lindsley and Anderson temperatures are consistently lower than the Wells 
and Ellis and Green temperatures. In addition, if it is valid to assume that the presence 
of garnet is a function of the T and P of equilibration, then the garnet-bearing xenoliths 
would be expected to yield higher temperatures, if the xenoliths are equilibrated to the 
present-day geotherm. Temperatures determined by the Wells thermometer clearly do 
not show such correlations, whereas the Lindsley and Anderson temperatures do appear 
to be lower in the garnet-free samples, although the uncertainty is large (Fig. 3). This 
may suggest that the temperatures recorded by the thermometers reflect the "blocking 
temperature" for a given xenolith, i.e., the temperature below which the cation exchange 
between coexisting minerals was halted or greatly slowed (Harte et al., 1981). This 
temperature may be different for different xenoliths depending upon the presence or 
absence of a fluid and the stress field experienced by each rock. Certainly, the 
compositional zoning common in the pyroxenes and plagioclases indicates these 
minerals were not in equilibrium at the time of eruption.
Given the above uncertainties associated with application of cation exchange 
thermobarometry, the best method of determining the relative level in the crust from 
which the xenoliths were plucked is through comparison of their mineralogy with 
experimentally determined mineral stability fields. In columns 2-5 in Table 2 are listed 
some basaltic compositions for which experimental determinations of phase stabilities 
have been made. The high-alumina basalt (Green, 1967) and the Delegate two 
pyroxene granulite (Irving, 1974) closely resemble the Chudleigh province 
plagioclase-rich xenoliths in SiC^, AI2O3 and Mg numbers. These experimental 
studies are therefore useful in defining the relative P and T conditions experienced by 
the xenoliths. Green’s (1967) results are similar to those of Irving (1974) and are 
considered together here. With increasing pressure at constant temperature the stable 
mineral assemblages change from 2 pyroxene-olivine-plagioclase, to 2 
pyroxene-plagioclase, to garnet-2 pyroxene-plagioclase, and finally to 
gamet-clinopyroxene-plagioclase. These experiments were run at or above 1000°C and 
the phase boundaries are linearly extrapolated to lower temperature conditions in Fig. 4. 
Figure 4 shows the stability fields and P-T estimates of Chudleigh 2 pyroxene-garnet
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(plagioclase) xenoliths calculated from cation exchange thermometers and barometers. 
Also shown in Fig. 4 is the boundary separating olivine + plagioclase bearing rocks 
from spinel-2 pyroxene rocks (Herzberg, 1978) and a geotherm derived from xenolith 
studies in southeastern Australia (Griffin et al., 1984).
The Chudleigh province plagioclase-rich xenoliths possess all the mineral 
assemblages shown in Fig. 4 (Table 1). Therefore, a first approximation to their P-T 
history is that they equilibrated within all the stability fields shown, i.e., they have come 
from variable depths. The P-T conditions experienced by the pyroxene-rich xenoliths 
cannot be evaluated using these experimental studies, due to their different 
compositions.
The coronas present in many of the plagioclase-rich xenoliths provide further 
insight into the changing P-T conditions experienced by these xenoliths. There are two 
types of coronas present:
(1) olivine rimmed by orthopyroxene, which is in turn rimmed by symplectically
intergrown pyroxene and spinel;
(2) spinel rimmed by garnet
Type 1 coronas reflect the reaction between olivine and plagioclase to form 
orthopyroxene, clinopyroxene and spinel (Kushiro and Yoder, 1966; Griffin, 1971; 
McBimey and Aoki, 1973; Herzberg, 1978). In this case, the rock has moved from the 
olivine-plagioclase-pyroxene field to the spinel-2 pyroxene-plagioclase field in Fig. 4, 
either due to a decrease in temperature and/or an increase in pressure. The second type 
of corona reflects the reaction between spinel, orthopyroxene, clinopyroxene and 
plagioclase to form garnet (equation 9 of Lovering and White, 1969; Johnson and 
Essene, 1982). These rocks have moved from the spinel-2 pyroxene-plagioclase field 
to the gamet-clinopyroxene-plagioclase field in Fig. 4, again, due to a temperature 
decrease and/or a pressure increase.
Since all the mafic xenoliths in the Chudleigh province have trace element 
characteristics typical of cumulates (see next section), the simplest P-T history for these 
xenoliths is the following: intrusion of a mafic magma at variable depths in the crust 
(between 20 to 40 km, based on the phase assemblages) with subsequent crystallisation 
and crystal accumulation. These cumulates cooled isobarically, some passed outside 
their original mineral stability fields and partially reacted subsolidously to form the 
coronal textures. Cation exchange between adjacent minerals was halted or greatly 
slowed at different temperatures in different rocks, possibly depending upon the
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differences in stress field and fluid content of the rocks. This leads to compositionally 
zoned minerals, variable temperatures recorded by cation exchange thermometers for 
single samples and the apparent lack of correlation between mineral assemblages and 
calculated temperatures in rocks of the same composition.
This scenario differs from that pictured by Kay and Kay (1983) in that they 
interpreted the symplectic spinels and pyroxenes as reflecting garnet breakdown due to a 
pressure decrease. Some of the xenoliths studied here contain olivine coronas, and the 
symplectic spinel and pyroxenes in these rocks are a product of the reaction between 
olivine and plagioclase; these coronas were not reported in the samples examined by 
Kay and Kay (1983). The presence of these symplectites suggests that the 
spinel-pyroxene symplectites may have formed by the isobaric olivine breakdown 
reaction (Fig. 4), even in the samples where no olivine remains. Therefore, no pressure 
decrease (which only some of the xenoliths experienced) is required. Alternatively, the 
symplectic spinel and pyroxenes in olivine-free samples may have formed by the 
breakdown of a complex clinopyroxene to spinel, 2 pyroxenes and plagioclase which 
again, is caused by isobaric cooling (Lovering and White, 1969).
McBride Province
Fewer xenoliths have been investigated from the McBride province, but despite 
this, the compositional diversity is considerable. A summary of the mineralogy of the 5 
samples is presented in Table 1. Table 3 contains thermobarometric determinations for 
these xenoliths. No coronal textures were observed in the Hill 32 xenoliths so clues to 
the P-T history must be obtained from mineral assemblages. All of the Hill 32 xenoliths 
examined here contain garnets, which, unlike the Chudleigh province xenoliths, are 
generally fresh, with only small kelyphitic rims. High-grade mineral assemblages and 
decompression features (glass along grain boundaries and kelyphitic rims on garnets), 
which are present in all Hill 32 xenoliths, suggest these rocks were entrained by the 
host basalts at lower crustal depths. They do not represent fragments of the high-grade 
metamorphics which are exposed on the surface within the Georgetown Inlier.
The mafic xenoliths of the McBride province have different mineralogical 
characteristics than the Chudleigh province xenoliths. First, hydrous phases are 
common in the McBride province xenoliths, and are rare in the Chudleigh province 
samples. Secondly, mineral chemistries in the McBride xenoliths are distinct from 
those of the Chudleigh province. Garnets and clinopyroxenes are generally more 
Fe-rich in the McBride province mafic xenoliths. These mineral compositional 
differences between provinces are due, in part, to whole-rock compositional differences 
between Chudleigh and McBride xenoliths (see below). Equilibration temperatures
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derived from the Ellis and Green (1979) thermometer range from 840 to 1000°C (Table 
3).
Only one of the felsic Hill 32 xenoliths (83-160) allows calculation of temperature 
from cation exchange thermometry. This sample yields two pyroxene temperatures 
between 915-930°C (Wells method) or 700-800°C (Lindsley and Anderson method), 
comparable to the equilibration temperatures for the mafic xenoliths. Sample 83-157, a 
possible metasediment (see below), contains orthopyroxene in equilibrium with garnet 
and biotite: a single clinopyroxene grain has been found adjacent to garnet. The 
estimated P-T conditions for this sample show considerable range from 630°C, 0.4 
GPa to 800°C, 1.6 GPa (Table 3). However, the very low temperature yielded by the 
gamet-clinopyroxene thermometer may be unrealistic, if the rare occurrence of 
clinopyroxene indicates it is not in equilibrium. Because of the temperature dependence 
of the Harley and Green (1982) barometer, the Perkins and Newton (1981) barometer 
may provide the best pressure estimate for this sample. Therefore, this sample has 
equilibrated near the base of the crust, at about 800°C, 1.0 GPa.
Since most of the Hill 32 samples do not contain the appropriate assemblages for 
cation exchange pressure determinations, and because no relevant experimental 
investigations exist for the felsic lithologies, another means of estimating pressures of 
equilibration is required. This may be done by relating the equilibration temperatures to 
an inferred geotherm. The Chudleigh province samples yield P and T's that fall slightly 
lower than, but within error of, the relatively steep eastern Australian geotherm 
proposed by Griffin et al. (1984) (Fig. 4). Using this geotherm, then, the two mafic 
McBride xenoliths have equilibrated between 0.8 to 1.4 GPa. This is consistent with 
the gamet-in line of olivine tholeiite studied by Ito and Kennedy (1970). By the same 
reasoning, the felsic xenolith has equilibrated between 1.0 to 1.1 GPa (using the Wells 
(1977) temperature estimates). These pressure estimates represent minima if the 
geotherm is actually lower than that of Griffin et al., (1984).
Geochemical Features and Inferred Origin 
Chudleigh Province
Major and trace element and isotopic results are presented in Rudnick et al. (1986) 
and only a summary of their findings are reported here. The three classes of xenoliths 
are characterised by major and trace element contents that reflect their modal and 
normative mineralogies. Plagioclase-rich xenoliths have high AI2 O3  and low TiC^ 
contents at nearly constant SiC^. REE patterns of these rocks show low overall 
abundances with LREE-enrichments and large positive Eu anomalies (Fig. 5a).
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Pyroxene-rich xenoliths have lower AI2O3 and higher TiO? contents than 
plagioclase-rich xenoliths, at similar SiC^ contents. REE patterns of these rocks are 
LREE depleted at about 10 times chondrite (Fig. 5b). The transitional xenoliths have 
major and trace element compositions transitional between the two end member types; 
REE patterns are flat to LREE depleted with positive Eu anomalies (Fig. 5c).
Correlations between Mg# (100Mg/Mg+ZFeO), an indicator of differentiation, 
and compatible and incompatible trace elements suggest the xenoliths are genetically 
related to one another. Correlations between AI2O3 and Ti, V, Zr, Hf and Y reflect the 
original proportions of pyroxene to plagioclase in the rocks. The variable Sr and Nd 
isotopic compositions of the xenoliths are distinct from those of the host basalts, 
excluding a genetic relationship between the two, and good correlations between 
isotopic composition and Mg# indicate open system behaviour. These xenoliths are 
interpreted to represent a genetically related suite of cumulates, crystallised from a 
basaltic melt which evolved through simultaneous fractionation and assimilation of more 
enriched crustal materials (Rudnick et al., 1986).
It is possible to use the trace element chemistry, along with published partition 
coefficients, to set limits on the chemical characteristics of the melts which were in 
equilibrium with these cumulates. Figure 6 presents the coexisting melt's primitive 
mantle normalized trace element characteristics and REE patterns. Although the 
calculated compositions vary depending on whether trapped melt is assumed, several 
conclusions can be drawn. The coexisting melt had LREE enriched over HREE and a 
(Ba/La)jsj ratio greater than 1.0. La/Nb ratio, which is suggested to be a good 
discriminant of alkaline versus tholeiitic lavas (Thompson et al., 1984), cannot be used 
as such in this case. The La/Nb ratio is both greater and less than 1.0, depending on 
whether trapped melt is assumed. The LREE enrichment, (Ba/La)jq ratio > 1.0 are 
characteristics of basaltic to andesitic magmas from island arcs (Perfit et al., 1980; Gill, 
1981; Thompson et al., 1984) or tholeiitic and alkaline basalts from continental 
environments (Thompson et al., 1984; Dupuy and Dostal, 1984) and are unlike basalts 
from mid-ocean ridges. A Sr enrichment and strong Nb depletion, characteristics of 
island arc tholeiites, are not present in these coexisting melts, suggesting the melts were 
not related to island arc volcanism. Therefore, the xenoliths probably represent 
cumulates from intraplate continental alkalic or tholeiitic igneous activity.
Because of the highly variable Sm/Nd ratios of the xenoliths, the present-day 
correlation between isotopic composition and major and trace elements scatter as the 
isotopic ratios are back-calculated to earlier times. This is interpreted to mean that the 
xenoliths are relatively young (less than 100 Ma) and probably represent deep-seated 
intrusions associated with the Cenozoic igneous activity in eastern Australia (Rudnick et 
al., 1986).
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McBride Province
The McBride province xenoliths are chemically distinct from those of the 
Chudleigh province. The two mafic xenoliths have lower SiO? and lower normative 
feldspar contents than the plagioclase-rich Chudleigh province xenoliths. REE patterns 
of these xenoliths are shown in Fig. 7. Sample 83-159 has high AI2O3 and a positive 
Eu anomaly, features common with the plagioclase-rich xenoliths from the Chudleigh 
province. This sample may therefore represent a cumulate or restite; although the 
concentrations of incompatible trace elements in this sample are about an order of 
magnitude higher than in the Chudleigh xenoliths. Sample 83-158 has a light REE 
depleted pattern, similar to the Chudleigh province pyroxene-rich xenoliths. However, 
the AI2O3 content of this sample (14.7%) is distinctly higher than that of the Chudleigh 
pyroxene-rich xenoliths and other pyroxenites thought to have formed by cumulate 
processes (Frey, 1980). Other major element ratios in this sample are similar to that of 
mid-ocean ridge basalts (MORB) (i.e., Mg #, CaO/TiC>2 and A^C^/TiC^XSun et al., 
1979; Basaltic Volcanism Study Project, 1981). However, CaO and Na^O contents are 
higher and lower, respecitvely, than those observed in MORB. Trace element 
concentrations and ratios in 83-158 are nearly identical to those of MORB (e.g., Zr/Nb, 
La/Sm), but (0.7052) is distinctly higher than of MORB.
Therefore, this sample may represent a melt derived from a MORB-like source, but with 
a higher Rb/Sr, or may represent a pyroxene cumulate with significant interstitial melt.
REE patterns of the intermediate and felsic xenoliths are also shown in Fig. 7a, 
along with their Si02 contents. Sample 83-157 has high AI2O3 (19.8 wt. %) and may 
be metasedimentary. It possesses the typical REE pattem of many post-Archean shales: 
light REE-enriched, with a negative Eu anomaly (Taylor and McLennan, 1981), 
although it has high Ti02 and Na20 contents for a shale. The two more felsic samples 
are LREE-enriched a slight negative to no Eu anomaly (Fig. 7b), similar to calc-alkaline 
rocks of all ages. The large compositional range in this small number of samples from 
Hill 32 implies a very heterogeneous lower crust in this region, with no apparent genetic 
link between the individual xenoliths.
Inferences on Lower Crustal Composition
The crustal xenoliths from the Chudleigh and McBride volcanic provinces of 
northern Queensland have all equilibrated at lower crustal pressures and temperatures. 
Thus, the lower crust in this region is very heterogeneous, with the composition
correlating with geographic position.
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Crustal xenoliths from the Chudleigh province are all mafic cumulates which were 
emplaced between 20 and 45 km depth. However, this does not require mafic rocks 
make up such a great thickness of the crust in this region. The basalts which contain 
these xenoliths erupted very near the projected extension of the Burdekin fault zone 
(Fig. 1), which separates the rocks of the Tasman fold belt from those of the 
Georgetown Inlier. Therefore, these xenoliths may be intimately associated with this 
fault zone, i.e., if this structure represents a long-lived crustal zone of weakness 
through which basaltic magmas could rise, the Chudleigh province xenoliths may 
represent mafic cumulates plated out along this fracture zone during an earlier stage of 
the Cenozoic basaltic activity. In addition, the presence of intermediate to felsic 
lithologies in the mid to lower crust is implied by the isotopic results, which require 
assimilation of evolved crustal material by the magma parental to the Chudleigh 
cumulates.
Laboratory density and elastic wave velocity measurements are currently underway 
on the xenolith suite and preliminary results indicate their densities are close to 2.8 to 
3.0 g/cm^ and their compressional wave velocities vary from 6.75 to 7.6 km/sec at 
room temperature (Rudnick and Jackson, in prep). Such high Vp material is similar to 
that observed at similar depths in other regions of the Tasman fold belt (Finlayson et al., 
1980; Finlayson et al., 1984). A reconnaissance gravity survey in this part of north 
Queensland shows a Bouguer gravity anomaly of up to 15 mGal amplitude (calculated 
with a Bouguer density of 2.2 km/irF) situated directly over the Chudleigh and McBride 
basaltic provinces (Shirley, 1979). This gravity data has been attributed to a slightly 
thicker crust in this region (Moho depth = 42.6 km versus a Moho depth of 40 km in 
the surrounding regions) (Shirley, 1979). This, coupled with the inference that the 
xenoliths represent young additions to the crust, and the interpretations of seismic 
refraction profiles from other parts of eastern Australia, suggests that basaltic 
underplating is responsible for the increased crustal thickness beneath the Cenozoic 
volcanics of north Queensland.
The xenoliths from the McBride province range from felsic to mafic compositions 
and have equilibrated near 1.0 GPa. Decompression features in the intermediate to 
felsic xenoliths suggest they represent fragments of the present day lower crust and are 
not derived from high-grade metamorphics presently near the surface in the Georgetown 
Inlier. The marked compositional diversity of the McBride xenolith suite indicates a 
heterogeneous lower crust in this region, which may have formed from a variety of 
processes (e.g., underthrusting and subsequent metamorphism of supracrustal material, 
basaltic underplating and/or intracrustal melting) operating at different times since the 
Proterozoic.
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Appendix One
Microprobe Techniques and Mineral Chemistries
All mineral analyses were obtained by energy-dispersive X-ray analysis using a 
Technisch Physische Dienst (TPD) electron probe at the Australian National University, 
with an accelerating voltage of 15 kV and beam current of 3 nA. Data reduction was 
performed using peak integration with background subtraction and ZAF corrections as 
outlined in Ware (1981). Fe+^ in the pyroxenes was calculated using the charge 
balance method (Papike et al., 1974). All analyses reported here represent coexisting 
mineral rim analyses; P and T calculations presented in the text represent the range 
produced from five sets of adjacent mineral rim analyses in each sample. The mineral 
compositions given in tables 4-8 were selected as falling towards the middle of the 
range of compositions for given mineral rims in each sample.
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Figure Captions
Figure 1. Location of volcanic provinces (striped) and xenolith-bearing vents in noith 
Queensland. Proterozoic rocks of the Georgetown Inlier shown in shading.
Figure 2. Extended basalt tetrahedron showing Chudleigh province mafic xenoliths
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and several experimentally studied basalt compositions. Note lack of correlation 
between composition and presence of garnet.
Figure 3. Comparison of results from different cation exchange thermometers for 
Chudleigh province xenoliths. Diagonal line in each graph has slope = 1.0. 
Uncertainty box indicates observed for 5 adjacent rim analyses in each rock.
Figure 4. P-T plot showing experimentally determined stability fields for delegate 
xenolith (Irving, 1974) and calculated pressures and temperatures for gamet-2 
pyroxene-plagioclase xenoliths from the Chudleigh province. Dotted line represents 
boundary between olivine-bearing 2 pyroxene-plagioclase rocks (labeled "ol") and 
spinel-bearing 2 pyroxene-plagioclase rocks (labeled "sp") as determined by Herzberg 
(1978). Solid circles represent P and T calculated using Wells (1977) and Ellis and 
Green (1979) thermometers and Harley and Green (1982) barometer. Open circles 
represent P-T determinations for same set of rocks using Lindsley and Anderson (1983) 
2 pyroxene temperatures and Harley and Green (1982) barometer. Rectangles at left 
show uncertainty in P-T determinations due to mineral compositional heterogeneity. 
Cpx = clinopyroxene, Opx = orthopyroxene, Sp = spinel, 01 = olivine, Pc = 
plagioclase, Gar = garnet.
Figure 5. (a) Chondrite-normalized REE and Ba patterns for Chudleigh province 
plagioclase-rich xenoliths. (b) Chondrite-normalized REE and Ba patterns for 
Chudleigh province pyroxene-rich xenoliths. (c) Chondrite-normalized REE and Ba 
patterns for Chudleigh province transitional xenoliths.
Figure 6. Calculated primitive mantle-normalized trace element concentrations for 
melt coexisting with plagioclase-rich xenoliths 83-107 (circles) and 83-127 (squares). 
Inset: Chondrite-normalized REE patterns for melt coexisting with plagioclase-rich 
xenoliths. Melt compositions calculated by multiplying bulk partition coefficients 
(calculated using normative mineralogies) by whole rock composition. Open symbols 
represent melts calculated assuming interstitial melt present, solid symbols represent 
melts calculated assuming no interstitial melt. Trapped melt is treated as phase with D 
= 1.0 and is assumed to be less than 2% in both rocks (Rudnick et al., 1986). Source 
of partition coefficients: Schnetzler and Philpotts, 1970; Irving, 1978; Dunn and 
McCallum, 1982; Fujimaki et al., 1984. Primitive mantle values from McDonough et 
al., (1985).
Figure 7. Chondrite-normalized REE and Ba patterns for McBride province 
xenoliths. Top, possible metasedimentary xenolith, 83-157 (open squares) and 
calc-alkaline xenolith, 83-160 (solid squares). Bottom, mafic xenoliths 83-158 (open 
circles) and 83-159 (solid circles).
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Table 1. Summary of Mineralogy and Textures inNorthern Queensland Xenoliths
Mineralogy
Ol-Sp-Opx-Cpx-Pc
Sp-Opx-Cpx-Pc
Sp-Gar-Opx-Cpx-Pc
Gar-Opx-Cpx-Pc 
rare Sp cores
Gar-Cpx-Pc 
rare Opx
Cpx-0px-Pc-Rut±01
Pc-Cpx-Gar-Amph 
±Qtz Bio Opx Zir
Pc-Qtz-Gar
±Cpx Opx Kf Bio Ap Zir
Samples Textures
Chudleigh Province
Plagioclase-rich
106 107 109 Relict igneous textures: poildlitic Opx
and lath-shaped Pc Coronas: 01 
rimmed by Px-Sp symplectites 2 t  
composition: labradorite.
112 126 127 139
114 131 138
117 133 140
125 BC
Relict igneous textures: large broken 
Pc? Coronas: Sp/Opx symplectites 
rimmed by Cpx. Pc comp: labradorite 
rimmed by an desine.
Relict igneous textures: None? 
Coronas: Sp rimmed by Gar. 2c 
comp: labradorite or labradorite 
rimmed by andesine.
Relict igneous textures: none. Meta 
textures: polygonal crystals. Pc comn: 
andesine or iabradonte rimmed by 
andesine.
Relict igneous textures: none. Meta 
textures: polygonal crystals; euhedral 
Gar. Pc comp: andesine.
Pyroxene-rich
110 115 Relict igneous textures: possible
cumulate layering Meta textures: 
polygonal Pc crystals. Pc comn: 
labradorite.
McBride Province
Mafic Xenoliths
158 159 Relict igneous textures: none. Meta
textures: polygonal crystals.
Felsic Xenoliths
160 162 Relict igneous textures: none. Meta
textures: polygonal crystals.
Metasedimentary Xenoliths
Pc-Qtz-Gar-Opx-Bio- 157 Relict primary textures: layering?
Rut-Ap-Zir Meta textures: polygonal crystals.
Where Cpx = clinopyroxene, Opx = orthopyroxene, 01 = olivine. Pc = plagioclase, Kf = K-feidspar, Sp = spinel. Gar 
= garnet, Amph = amphibolc, Qtz = quartz. Bio = biotite, Rut = rutile, II = ilmenite, Ap = apatite, Zir = zircon.
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Table 2. Comparison of plagioclase xenolith compositions with 
experimentally studied basaltic compositions
1 2 3 4 5
X a
Si02 50.29 0.56 50.3 49.93 50.3 52.16
Ti02 0.42 0.56 0.70 1.34 1.7 1.86
a12°3 19.69 0.78 17.0 16.75 17.0 14.60
FeO* 7.69 1.12 8.05 11.40 8.27 9.50
MnO 0.13 0.02 0.17 0.18 0.16 0.14
MgO 9.31 2.08 8.3 7.59 7.8 7.36
CaO 9.42 0.84 11.2 9.33 11.4 9.44
Na20 2.97 0.72 2.8 2.92 2.8 2.68
k 2o 0.23 0.08 0.33 0.37 0.18 0.73
P 2 0 5 0.08 0.04 0.08 0.19 — 0.18
TOTAL 100.23 98.93 100.00 99.60 98.65
M g# 69.7 64.8 54.2 62.7 58.0
1 = Average of 10 plagioclase-rich xenoliths from the Chudleigh volcanic province;
2 = Delegate 2 pyroxene lower crustal granulite xenolith (R698 of Irving, 1974);
3 = Olivine tholeiite (Ito and Kennedy, 1971);
4 = High-Al basalt (Green, 1967);
5 = Quartz tholeiite (Green and Ringwood, 1971).
* Total Fe as FeO
Mg # = 100 (Mg/Mg + SFe)
Table 3. Thermobarometry of North Queensland crustal xenoiiths 
from adjacent mineral rim pairs
Temperature (°C) Pressure (GPa)
Sample Pipe* Wells L and E and G1 Hand G2 P and N
Chudleigh Province
Plagioclase-rich
83-106 AC 860-890 610-680 ___ ___ __
83-107 AC 800-850 600-680 — — —
83-109 AC 870-910 670-700 — — —
83-112 AC 810-870 600-640 — — —
BC BC — — 950-1040 — —
83-114 BC 750-800 680-710 750-830 0.5-1.05 —
83-117 BC 900-940 690-750 940-1000 1.0-1.8 —
83-125 BC 850-910 700-750 910-930 1.1-1.5 —
83-126 SH 820-865 600-650 - - — —
83-127 SH 850-900 650-700 — — —
83-131 SH 875-930 690-710 820-875 0.9-1.4 —
83-133 SH 840-900 680-750 910-970 1.0-1.2 —
83-136 SH 840-860 680-700 — — - -
83-137 . SH 880-910 650-690 830-910 1.0-1.5 —
83-138 SH 790-840 670-700 963 —
83-139 SH 770-830 600-610 — — —
83-140 SH 770-865 650-690 845-855 7-11 —
Pyroxene-rich
83-110 AC 870-910 750-820 — — —
83-115 BC 875-930 800-880 — — —
McBride Province
M afic X enoiiths
83-158 H32 865 _ 940-1000 1.1-1.5 —
83-159 H32 — — 840-920 . . . —
F elsic X enoiiths
83-160 H32 915-930 700-800 _ ___ __
83-162 H32 — . . . — . . . —
M etasedim entary Xenoiiths
83-157 H32 . . . . . . 630$ 4-16 8-10
— means rock is missing appropriate assemblage for given thermometer/barometer.
L and A = Lindsley and Anderson (1983); E and G = Ellis and Green (1979); H and G = Harley and Green (1983); P 
and N = Perkins and Newton (1981) orthopyroxene. In all thermometers and barometers Fe^+ in pyroxenes 
calculated from stoichiometry.*AC = Airstrip Crater, BC = Batchelors Crater, SH - Sapphire Hill, H32 = Hill 32.
1 Assuming P = 1.0 GPa.
^Using Wells or Ellis and Green temperature, or Ferry and Spear (1978) thermometer for sample 83-157.
$Only one cpx grain, adjacent to garnet, in thin section. This sample yields Ferry and Spear, gamet-biotite 
temperature of 800°C.
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Table 4. Representative pyroxene rim analyses for 
selected Chudleigh Province xenoliths
CLINOPYROXENES
83-107 83-125 83-126 83-127 83-131 83-140 BC 83-110
Si02 51.73 52.39 51.34 52.45 51.84 49.53 52.08 49.41
Ti0 2 0.33 0.37 0.81 0.23 0.44 0.76 0.84 0.76
a12°3 5.47 4.92 5.61 5.59 6.56 5.93 9.16 7.79
FeO* 6.54 4.90 5.26 4.14 4.54 7.00 2.89 6.87
MgO 13.49 14.70 13.43 14.58 14.14 12.52 13.23 12.82
CaO 22.14 22.23 21.98 22.10 21.50 21.41 19.45 21.00
Na20 0.93 0.57 0.88 0.90 0.98 1.26 2.35 0.97
TOTAL 100.63 100.08 99.30 99.99 100.00 99.42 100.00 99.77
Number of Ions on the basis of 6 oxygens
Si 1.895 1.912 1.894 1.909 1.887 1.865 1.873 1.828
A1(TV) 0.105 0.088 0.106 0.091 0.113 0.135 0.127 0.172
Al(VI) 0.131 0.124 0.138 0.149 0.394 0.128 0.261 0.168
Ti 0.009 0.010 0.022 0.006 0.012 0.022 0.023 0.021
Mg 0.737 0.799 0.738 0.791 0.767 0.703 0.709 0.707
Fe* 0.200 0.150 0.162 0.126 0.138 0.220 0.087 0.213
Ca 0.869 0.869 0.869 0.862 0.839 0.863 0.749 0.833
Na 0.066 0.040 0.063 0.063 0.069 0.092 0.164 0.070
TOTAL 4.011 3.992 3.993 3.997 3.994 4.009 3.992 4.016
ORTHOPYROXENES
Si02 52.42 55.21 53.46 53.70 53.80 51.91 — 51.63
a12°3 3.76 3.54 3.83 3.99 4.90 3.40 — 5.45
FeO* 17.78 12.30 15.60 12.87 11.64 17.79 — 16.37
MnO 0.30 — — — — 0.16 — 0.25
MgO 25.42 30.17 26.40 29.12 29.52 25.81 — 25.07
CaO 0.32 0.42 0.23 0.32 0.45 0.38 — 0.61
TOTAL 100.00 101.63 99.53 100.00 100.00 99.44 — 99.38
Number of ions on the basis of 6 oxygens
Si 1.908 1.922 1.928 1.907 1.899 1.902 1.880
A i(rv) 0.092 0.078 0.072 0.093 0.101 0.098 0.120
Al(VI) 0.069 0.067 0.091 0.074 0.103 0.049 0.114
Mg 1.379 1.545 1.419 1.541 1.537 1.410 1.360
Fe* 0.541 0.358 0.470 0.382 0.343 0.545 0.498
Mn 0.009 — — — — 0.005 0.008
Ca 0.012 0.016 0.009 0.012 0.017 0.015 0.024
TOTAL 4.011 4.006 3.990 4.010 4.000 4.024 4.003
* Total Fe as FeO 
— Not detected
Table 5. Representative pyroxene rim analyses for 
selected McBride Province xenoliths
CLINOPYROXENES ORTHOPYROXENES
83-157 83-158 83-159 83-160 83-157 83-160
SiO-> 52.65 49.60 49.71 51.30 54.98 51.91
TiO?
Al^O-?
— 1.01 0.57 0.16 — . . .
3.28 7.31 6.36 3.33 1.79 2.34
FeO* 4.04 8.20 7.07 9.66 17.53 23.68
MnO — — — — — 0.19
MgO 15.00 11.75 12.22 12.83 26.86 11.65
CaO 23.30 20.76 21.91 20.87 0.26 0.78
Na20 0.24 1.37 0.65 0.45 — —
TOTAL 98.51 100.00 98.48 99.54
Number of ions on the basis of 6 oxygens
101.42 99.70
Si 1.950 1.842 1.867 1.926 1.962 1.949
A1(TV) 0.050 0.158 0.133 0.074 0.038 0.051
A1(VI) 0.093 0.162 0.148 0.073 0.037 0.052
Ti — 0.028 0.057 0.005 _1 —
Mg 0.828 0.650 0.684 0.718 1.429 1.165
Fe* 0.125 0.255 0.222 0.303 0.523 0.744
Mn — — — — — 0.006
Ca 0.924 0.826 0.882 0.839 0.010 0.031
Na 0.017 0.099 0.047 0.033 — —
TOTAL 3.987 4.020 4.000 3.998 4.000 3.999
* Total Fe as FeO 
— Not detected
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ABSTRACT
Granulite facies lower crustal xenoliths from a single basaltic vent (Hill 32) in the McBride 
volcanic province, north Queensland, Australia, illustrate the extreme lithologic diversity of the deep 
crust. These xenoliths are dominantly mafic, but intermediate and felsic granulites represent a 
significant proportion (-20%) of the xenolith population. All xenoliths have high grade mineralogies 
and generally well-equilibrated textures, as well as decompression features which are indicative of 
derivation from deep crustal levels (0.7-1.0 GPa). Major and trace element chemistry for 12 xenoliths, 
chosen to span the observed lithologic range, are used to constrain the petrogenesis of these rocks. In 
the smaller, layered samples metamorphic differentiation may lead to non-representative sampling. 
However, in most instances, such secondary processes can be identified and the original chemical 
characteristics delineated. The mafic xenoliths formed through a variety of processes, including 
crystallization of mafic magma, crystal accumulation from mafic and felsic magmas and partial melting 
of intermediate compositions to yield a mafic residuum. The two analyzed intermediate xenoliths are 
metasediments, based upon high A^O^ to alkali ratios and REE patterns, whereas the two felsic 
xenoliths have compositions similar to igneous rocks. Comparisons of non cumulate and/or restite 
xenoliths with unmetamorphosed rock types shows that K and Rb are variably depleted whereas Th and 
U are strongly depleted in all rock types. The LILE depletion patterns for xenoliths are similar to 
those of rocks from granulite facies terrains, suggesting similar processes were operative. Suggestions 
of a anomalously Ba- and Sr-rich lower crust are not supported by the data.
By using the observed lithologic proportions of xenoliths at Hill 32, and the chemical analyses 
presented here, a weighted mean composition of the lower crust can be obtained and compared with 
recently proposed lower crustal compositions. The weighted mean composition is mafic, and formed 
through a combination of basaltic underplating, crystal accumulation, tectonic underplating and partial 
melting. No simple model of lower crust formation through basaltic or andesitic underplating nor 
intracrustal melting is sufficient to explain lower crust formation in Phanerozoic continental margin 
settings.
Introduction
The lower continental crust is a relatively inaccessible region of the earth, making estimates of
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its bulk composition difficult. This, in turn, places large uncertainties on estimates of bulk crust 
composition and, consequently, volumetric estimates of depleted mantle, the presumed depleted 
complement to the enriched crust.
Unlike the upper crust, where sediments provide a good means whereby average composition can 
be estimated, lower crustal samples are limited to two types: (1) granulite facies terrains and (2) 
xenoliths from fast-erupting basalts or kimberlites.
Granulite terrains provide good exposures of rocks which have resided for some length of time at 
high pressures and temperatures. Study of these terrains allows delineation of contact relationships, 
volumetric lithological proportions and the effects of high-grade metamorphism on a variety of rock 
types. However, if granulite terrains are the direct consequence of double thickening of the crust, caused 
by Himalayan-type continent-continent collisions (Newton and Perkins, 1982), then they cannot be 
regarded as representative of the lower crust. They would instead represent the mid-crustal region of a 
very thick crust. Recent descriptions of pressure-temperature paths for granulites suggest several 
terrains have undergone substantial isobaric cooling prior to uplift [Enderby Land granulites (Ellis, 
1980; Harley, 1985) and Adirondacks (Bohlen et al., 1985)]. Such paths, if they can be shown to occur 
over a long time period (i.e., >100 Ma), indicate that these granulites may not have formed through 
double thickening. These terrains may thus be more representative of the lower crust, but they still 
require a major deformation to expose them.
Samples of present-day lower crust are restricted to xenoliths. Decompression features and high 
pressure mineralogies indicate these rocks are samples of lower crust which are rapidly transported to the 
earth's surface. Consequently, studies of xenoliths, though of limited use in defining contact 
relationships, and perhaps absolute lithologic proportions, are very important for determining lower 
crustal bulk composition and the processes responsible for formation and modification of the lower 
crust. However, despite the need for good geochemical data on these rock types, very little exists 
(major and trace element data are currently available from only 7 localities: Massif Central, France 
(Leyreloup et al., 1977), Lesotho, southern Africa (Griffin et al., 1979; Rogers and Hawkesworth, 
1982), Eifel, West Germany (Stosch et al., 1986), Hoggar, Algeria (Leyreloup et al., 1982), Boomi 
Creek, New South Wales, Australia (Wilkinson, 1975 and Wilkinson and Taylor, 1980), Calcutterroo,
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South Australia (Arculus et al., 1986), and Chudleigh province, north Queensland, Australia (Kay and 
Kay, 1983; Rudnick et al., 1986).
This study presents detailed major and trace element analyses for 12 lower crustal xenoliths from a 
young basalt province in northern Queensland, as well as mineralogical and mineral chemical data. The 
aim of this paper is to define the processes giving rise to the lower crust and compare the data presented 
here with lower crust composition estimates in order to refine these estimates. A separate paper presents 
U-Pb zircon ages determined by ion microprobe for 7 of these xenoliths (Rudnick and Williams, 1986).
Geological Setting and Previous Work
The xenoliths come from a single, young (<3 Ma) basaltic cinder cone, called Hill 32, in the 
McBride volcanic province of north Queensland. The McBride volcanics are one of six major late 
Cenozoic basaltic provinces which occur in north Queensland; lower crustal and upper mantle xenoliths 
are found in nearly all provinces (Stephenson and Griffin, 1976). Lower crustal xenoliths from the more 
southemly Chudleigh volcanic province were the subject of an earlier geochemical study (Rudnick et 
al., 1986). Hill 32 erupts through and onto Proterozoic crust of the Georgetown Inlier, which is 
composed of greenschist to amphibolite facies metamorphics (Fig. 1). Extensive Devonian and late 
Paleozoic calc-alkaline granites and ash-flow tuffs occur throughout this region of north Queensland, 
and may have formed above a westward-dipping subduction zone (Sheraton and Labbone, 1978). An 
early seismic refraction survey suggests a crustal thickness between 40 to 45 km depth in this region 
(Finlayson, 1968; see Dooley, 1980 for a review of available geophysical data).
Mineralogy and mineral chemistry of a separate suite of crustal xenoliths from Hill 32 were 
described by Kay and Kay (1983). They collected a total of 19 xenoliths and provide major element 
compositions for 4 of them. All xenoliths they analyzed are mafic quartz tholeiites and are interpreted 
as basaltic intrusions which crystallized at depth during the late Paleozoic Tasman orogeny. Major and 
trace element analyses of the host alkali basalt are given in Irving and Frey (1984).
Analytical Techniques
Mineral analyses were obtained by energy-dispersive X-ray analysis using a Technisch Physische
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Dienst (TPD) electron probe at the Research School of Earth Sciences, ANU, with an accelerating 
voltage of 15 kV and a beam current of 3 nA. Data reduction was performed using peak integration 
with background subtraction and ZAP corrections as outlined in Ware (1983). All mineral analyses 
represent rim compositions. Fe^+ in pyroxenes was calculated using the charge balance method of 
Papike et al. (1974).
Sample preparation is identical to that described in Rudnick et al. (1986): weathered surfaces were 
removed by sawing. The rocks were next crushed in a steel jaw crusher, split and -30 g was crushed in 
an agate ring mill. Major element analyses were determined by wide-beam EDS microprobe analyses on 
glasses created in a positive Ar-pressure molybdenum strip heater. Each sample was fused several times 
and the analyses represent the average of at least 10 spot analyses per sample. Two samples (85-101 
and 85-108) were fused a second time and give results indistinguishable from the first P2 O5 was 
measured for the same glasses using a Cameca, WDS, microprobe. TiOo and MnO were measured by 
inductively coupled plasma spectroscopy (ICP). Analytical uncertainty for all the major elements is less 
than 5%.
Trace elements were determined through a variety of techniques: Sc, V, Cr, Co, Ni, Cu, Sr and 
Zr were determined by ICP (estimated uncertainty < 10%) on all samples except 83-157, 83-160 and 
83-162, for which these elements were measured by XRF (Norrish and Chappell, 1977). The remaining 
trace elements were determined through spark-source mass spectrometry (SSMS)(Taylor and Gorton, 
1977). Analytical uncertainty for SSMS analyses is as follows: <, 5% for REE; 5-10% for Ba, Y, Sn, 
W, Hf, Th and U; 10-15% for Pb, Cs, Nb and Mo.
The Xenolith Suite
The Hill 32 xenoliths described here cover a marked mineralogical and chemical range. In total,
35 crustal xenoliths, of variable sizes, were collected at Hill 32. These represent all crustal xenoliths 
which were encountered during 2 separate collecting trips to this locality. From thin section 
examination it is possible to derive the relative lithologic proportions of these crustal xenoliths, which 
are given in Table 1, column one. Column two includes the samples described by Kay and Kay (1983). 
Keeping in mind the uncertainties regarding the randomness of sampling by the basalt and the 
thoroughness of collection, these proportions may be regarded as rough estimates of the lower crustal
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composition. Clearly, the majority of xenoliths are mafic, but intermediate to felsic granulites 
comprise a significant proportion of the lower crust here (~ 20-30%).
Mineralogy and Petrography
Mineralogy of the Hill 32 xenoliths varies considerably, reflecting the variable bulk rock 
composition and P-T equilibration conditions. Table 2 lists the mineralogies of the 35 lower crustal 
xenoliths collected, along with textures, grain size and P and T estimated from various 
thermobarometers. In general, Hill 32 xenoliths possess well-equilibrated textures (Table 2 and Kay and 
Kay, 1983); bona fide relict igneous textures are confined to one 2 pyroxene granulite (85-125). 
Coronal textures were observed in several xenoliths: one metasedimentary xenolith (85-99) contains 
very thin rims of orthopyroxene on garnet and four mafic xenoliths have garnet rimming spinel 
(85-125), clinopyroxene (85-106) and Fe-oxides (85-107, 85-122). The coronas in the metasediments 
reflect garnet breakdown due to decreasing pressure or increasing temperature, whereas the coronas in the 
mafic xenoliths reflect garnet formation through isobaric cooling reactions (Lovering and White, 1969; 
Ellis and Green, 1979).
Decompression features are present in nearly all Hill 32 xenoliths. The intermediate to felsic 
xenoliths contain colorless to brown glass along grain boundaries (Fig. 2b), similar to that described in 
xenoliths from Kilboume Hole, New Mexico (Padovani and Carter, 1977). Garnet in xenoliths of all 
compositions is variably replaced by dark glass (kelyphite), which may contain quench crystals up to 
0.25 mm long. Figure 2a shows garnet idioblasts which are replaced by skeletal anorthite, pyroxene 
and spinel; these are interpreted as quench crystals. Similarly, scapolite is rimmed by anorthite 
aggregates, which are interpreted to be due to decompression within the pipe (Lovering and White, 
1964).
Hydrous phases are relatively common in Hill 32 mafic xenoliths, as noted by Kay and Kay 
(1983). In the samples investigated here, amphibole generally makes up less than 5% of the rock and it 
can sometimes be seen rimming pyroxene. Sulfur-rich meionitic scapolite, which is shown to form in 
granulite facies under high activity of CO2 (Goldsmith, 1976 ), is present in only one mafic xenolith, 
however CC^-rich fluid inclusions have been observed in nearly all xenoliths. Rutile, apatite and
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ilmenite are the most common accessory phases. Zircon is present in several xenoliths and has been 
used to date the xenoliths (Rudnick and Williams, 1986).
Mineral Chemistry
Representative mineral analyses for 4 of the McBride xenoliths have been previously reported 
(Rudnick and Taylor, 1986). In addition, Kay and Kay (1983) give representative mineral analyses for 
several Hill 32 xenoliths they studied. Representative microprobe analyses of feldspars, 
clinopyroxenes, orthopyroxenes, amphiboles and garnets are given in Tables 3-6 for the xenoliths 
which have been analyzed for major and trace elements. The mafic xenoliths range from 2 pyroxene 
granulites to gamet-clinopyroxene granulites; intermediate to felsic granulites all contain garnet, and 
several contain either pyroxenes or sillimanite. Minerals are generally moderately zoned; the mineral 
compositions reflect both whole rock chemistry and deep crustal equilibration.
Feldspars
Feldspar compositions are are shown in Fig. 3 and representative analyses are given in Table 3. 
Plagioclases in the intermediate to felsic xenoliths range from An^Q to An-^. Alkali feldspar is present 
in two of the felsic xenoliths and is characterized by perthitic texture. Minor compositional zoning is 
present in plagioclases from most samples, with Na increasing toward the rims, however, plagioclases 
in 83-157 have slightly more calcic rims. Plagioclases in the mafic xenoliths exhibit a wide 
compositional range from An- 7 5  1 0  ^ 3 6 ’ more t^ ian o^ur ümes the range as that found by Kay and Kay 
(1983) for Hill 32 xenoliths. Generally, only minor zoning is present in these plagioclases (all but one 
sample [85-100] have Na increasing toward the rims). However, plagioclase in 85-114 is strongly 
zoned, with Na-rich rims (rims = An^ j, cores = A n^).
Garnet
Garnets are particularly susceptible to alteration through decompression melting; all garnets in 
Hill 32 xenoliths have been melted to varying degrees, resulting in varying thicknesses of kelyphitic 
rims. In some instances, analysis of this kelyphite yields a gamet-like composition and fits a garnet
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formula. In other cases NaoO and/or K00  are present, indicating incorporation of components external 
to the garnet. The analyses presented in Table 4 and plotted in Figure 4 are from pristine garnets, 
unless otherwise indicated.
Garnets in the intermediate and felsic xenoliths are generally less calcic than those from the mafic 
xenoliths (Fig. 4). These garnets contain between 8 to 18% grossular and all fall within Coleman et 
al.'s (1965) group B classification — garnets from crustal eclogites. Gamets in one sample, 83-157, 
show a slight increase in Ca content near their rims; the remaining garnets are unzoned. Garnets in the 
mafic xenoliths have from 15 to 28% grossular and all but one fall within group B. Gamets in 85-107, 
an extremely Mg-poor mafic xenolith, fall well into the group C classification (blueschist garnets), 
reflecting the bulk-rock composition. Although zoning patterns are difficult to delineate because of the 
kelyphitization, garnets in sample 83-159 have a considerable range in grossular content
Pyroxenes
Composition of clinopyroxenes in the McBride xenoliths are shown plotted on the pyroxene 
quadrilateral in Fig. 5 (non-quadrilateral components were subtracted from the analyses as described in 
Lindsley (1983)). Orthopyroxene forms the typical exsolution lamellae, where present, but in one 
sample (83-158) both garnet and plagioclase occur as exsolution lamellae within the clinopyroxene. 
Typically, TiC^, AI2O3 and Na2Ü contents are quite variable, with most clinopyroxenes having lower 
concentrations of these oxides on their rims or near exsolution lamellae. FeO, MgO and CaO zonations 
are less pronounced, but clinopyroxenes in both two pyroxene granulites have higher Mg #s on their 
rims. The Mg numbers of the clinopyroxenes in the mafic xenoliths do not correlate with those of the 
whole rocks, suggesting that equilibration temperatures (which range between 700 and 1000°C, Table 
2) exerted the dominant influence on this parameter. The mafic xenoliths define a rough negative 
correlation between Na2Ü in the clinopyroxenes and the anorthite content of the coexisting 
plagioclases, which is attributed to the breakdown of calcic plagioclase under high pressures (Fig. 6). 
Such a correlation was noted by Griffin et al. (1979) for Lesotho xenoliths and Kay and Kay (1983) for 
the Queensland xenoliths.
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Orthopyroxene compositions are given in Table 5 and plotted in Fig. 5. The crossing tie lines 
observed on the pyroxene quadrilateral for the mafic xenoliths are attributed to variable equilibration 
temperatures and whole rock compositions between the xenoliths.
Volatile-bearing Phases
Amphibole is present in variable proportions in half of the analyzed mafic xenoliths but is absent 
in the intermediate to felsic xenoliths (Table 2). Compositions are given in Table 6; all amphiboles are 
ferroan pargasites to ferroan pargasitic hornblendes (based on Hawthorne's (1981) classification). The 
amphiboles are compositionally uniform throughout the suite, irrespective of whether they occur as 
rims on pyroxenes or as discrete grains. Biotite occurs in several of the intermediate to felsic xenoliths 
and one of the mafic xenoliths. Analyses are given in Table 6; all are Ti-rich. Scapolite is present in 
only one of the xenoliths and it is a sulfur-rich meonite (Table 6).
P-T Conditions
Table 1 lists temperature and pressure estimates calculated from several thermobarometers. In 
all cases adjacent mineral rim analyses were used in these calculations in order to give best estimates of 
last equilibration conditions. Ferric Fe was calculated based upon charge balance for pyroxene analyses 
(Papike et al., 1974).
The compositional zonation within the clinopyroxenes and some feldspars may indicate cooling, 
suggesting that the calculated temperatures represent the blocking temperature for each xenolith. 
However, the lack of mineral reactions within the xenoliths suggests that minimum cooling and/or 
pressure change has occurred to these rocks since formation of their metamorphic mineral assemblages. 
The temperatures and pressures may therefore be regarded as rough estimates of the xenolith's pressure 
and temperature of last equilibration. Most xenoliths have equilibrated in the deep crust, between 26 
and 40 km. However, the relatively low temperature recorded in mafic granulite 85-107 (680-760°C) 
suggests a shallower derivation, perhaps as shallow as 18 km.
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Whole Rock Composition
Analyzed xenoliths were selected based upon lithology, freshness and size. Most analyzed 
xenoliths were larger than 200 grams (Table 1), and none contain macroscopic nor microscopic evidence 
of invasion of the host basalt The twelve analyzed xenoliths span the observed lithologic range.
Metamorphic recrystallization may produce layering in previously massive rocks (i.e., 
metamorphic differentiation). Thus, if sample sizes are small in relation to the layering, certain 
minerals will be preferentially sampled, causing a corresponding change in the whole rock chemistry. 
For this reason, the analyzed xenoliths' sizes are given in Table 2, along with the presence or absence of 
layering. Two layered McBride xenoliths (83-162 and 85-101) appear to have experienced metamorphic 
enrichment of garnet (as seen in enriched HREE contents and higher FeO and MgO) and one (85-100) 
has been enriched in orthopyroxene (giving the whole rock low AI2O3 and high Cr and Ni contents). 
These features are discussed in more detail in the appropriate sections.
Major Elements
Major element compositions, along with CIPW norms for the xenoliths are given in Table 7. 
The mafic rocks range from silica oversaturated to undersaturated compositions. Mg numbers range 
from 47 to 66, but one very Mg-poor sample has an Mg number of 21. Only one of the mafic 
xenoliths (85-120) has a major element composition similar to common mafic igneous rock types; 
85-108 has low Na^O, but otherwise its bulk composition is similar to that of a silica oversaturated 
tholeiite. The remaining mafic xenoliths have major element compositions which have been modified 
by secondary processes such as crystal accumulation and partial melt extraction. For example, three of 
the mafic xenoliths have AI2O3 contents higher than 19% (83-159, 85-107 and 85-114), suggesting 
preferential accumulation of plagioclase. As none of these xenoliths are layered, the plagioclase 
increase is likely to be due to either cumulate or partial melting processes and not metamorphic 
differentiation. One mafic xenolith has very low CaO and AI2O3 contents (85-100, with 6.8 and 11%, 
respectively). This xenolith contains orthopyroxene-rich layers, suggesting its chemistry is modified 
by metamorphic concentration of orthopyroxene. This layering is unlikely to be due to primary 
igneous crystal accumulation given plagioclase is present, and the rock has a negative Eu anomaly (see
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next section). Finally, two mafic xenoliths have major element compositions similar to high-pressure 
pyroxenes (83-158 and 85-106), with low Na20  and high CaO contents relative to basaltic 
compositions. Both these analyses fit a pyroxene formula well.
The two intermediate SiO? xenoliths have relatively high A^O^ contents (Table 7) and do not 
resemble common igneous rock types. Their high AI2O3 relative to Na^O and CaO suggests a 
metasedimentary origin (see Petrogenesis section). Both samples are layered, but only 85-101 appears to 
have been affected by metamorphic differentiation. Enrichment of metamorphic garnet, which 
constitutes about 50% of the rock, is reflected by the high FeO, MnO and MgO content of this sample.
The two felsic xenoliths have major element compositions similar to calc-alkaline rocks. Using 
normative mineralogies to classify these rocks (Streckeisen, 1976), 83-160 is a granodiorite and 83-162 
is an adamellite; both are peraluminous and both crysallized in the late Paleozoic (Rudnick and 
Williams, 1986), a time of extensive calc-alkaline volcanism in this region of north Queensland (Fig. 
1; Oversby et al., 1980). It is therefore useful to compare the chemistries of these xenoliths with those 
of the Paleozoic felsic igneous rocks (Sheraton and Labonne, 1978). 83-160 is characterized by low 
SiC>2 and K^O, and high AI2O3, MgO, FeO and CaO relative to the late Paleozoic granites; it falls 
within, but at the low Si02  end of the major element differentiation trends of the late Paleozoic 
calc-alkaline suite. In contrast, 83-162 does not fall along the major element differentiation trends of 
the late Paleozoic granites. For its SiÜ2 content it has higher FeO, MnO and MgO and lower Na20 
and CaO. These features are indicative of metamorphic concentration of garnet in this sample, which is 
suggested by elevated HREE (see below). Both felsic xenoliths have chemical affinities with the late 
Paleozoic granites.
Rare Earth Elements
Rare earth elements (REE) are immobile on a whole-rock scale during regional metamorphism, at 
low fluid/rock ratio. Consequently REE patterns in high-pressure granulites, which form under low 
activity of F^O, are extremely useful petrogenetic indicators. REE for 12 McBride xenoliths are given 
in Table 8 and REE patterns are plotted in Figs. 7 and 8. The samples are grouped according to 
similarity in REE patterns.
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Figure 7a shows REE patterns for 3 mafic granulite xenoliths. All exhibit variable enrichments 
of Eu relative to other REE . As feldspar is the most efficient mineral at fractionating Eu^+ from 
REE^+ , and because all these samples are plagioclase-bearing, it seems likely that these xenoliths 
experienced plagioclase enrichment in an open system (i.e., either crystal accumulation or melt 
extraction). This interpretation is supported by the high AI2O 3 contents of these xenoliths.
LREE/HREE ratios for these samples are variable. 83-159 and 85-107 are both LREE enriched, 
whereas 85-114 has a peculiar pattern with a minimum in the middle REE, near Sm. This unusual 
HREE enrichment bears discussion. The only common rock-forming mineral capable of producing 
fractionations within the HREE is garnet (i.e. changing Gd/Yb ratios). Gamets in equilibrium with 
igneous melts have positive slopes in their HREE, similar to that of 85-114 (Irving and Frey, 1978). 
The fractionation within the HREE, plus the xenolith's large size (> 1 Kg) and massive texture suggest 
the garnet enrichment occurred through crystal-melt interaction rather than metamorphic differentiation.
Figure 7b gives REE patterns of two mafic xenoliths which are LREE-depleted; one without, and 
one with a slight negative Eu anomaly. As mentioned earlier, the major element composition of these 
xenoliths both fit a pyroxene formula and their REE patterns reflect the influence of pyroxene in a open 
magmatic system. The lack of a positive Eu anomaly suggests that the minor amount of modal 
plagioclase present either crystallized from an interstitial melt or exsolved from a high-pressure 
pyroxene.
The REE patterns of the remaining mafic xenoliths are shown in Fig. 7c. All display similar 
patterns: LREE enriched ((La/Yb)^ = 3.9-7.0), with or without negative Eu anomalies ((Eu/Eu*) = 
0.75 to 0.93). [Note that although 85-100 has been enriched in orthopyroxene through metamorphic 
processes, this does not have a significant effect on its REE pattem, because REE are excluded from 
orthopyroxene (Irving, 1978; Fujimaki et al., 1983)]. Such REE patterns are similar to those found in 
continental basalts (Basaltic Volcanism Study Project (BVSP), 1981).
REE patterns of the two intermediate xenoliths are shown in Fig. 8a. 83-157 has a REE pattern 
similar to post-Archean average Australian shale (PAA.S), shown for reference), whereas that of 85-101 
is HREE-enriched, with a negative Eu anomaly. Unlike the previously discussed HREE enrichment in 
the mafic xenolith 85-114, the HREE are not fractionated relative to one another, but are uniformly
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elevated. This observation, coupled with the small size of the xenolith (Table 2) and the occurrence of 
garnet-rich layers, suggests that the REE pattern is the result of metamorphic concentration of garnet.
The two felsic xenoliths (83-160 and 83-162) have REE patterns characterized by LREE 
enrichments ((La/Yb)^ = 2.7 to 4.2, Fig. 8b) and flat HREE. The slight concave upward REE pattern 
of 83-160 is similar to that of medium-K suite calc-alkaline volcanics (Gill, 1981). 83-162 has the 
largest negative Eu anomaly found in the suite (Eu/Eu* = 0.54), although this is in part a function of 
its elevated HREE. The HREE enrichment is probably due to metamorphic concentration of garnet, as 
it is small and layered (Table 1).
Large Cation Elements
Table 9 gives concentrations for the elements Cs, Rb, Ba, Sr and Pb. In general, the mafic 
xenoliths have low concentrations of Cs and Rb, and high K/Rb (630-2800) and K/Cs ratios (K/Cs = 
30,000-83,000). Cs and Rb concentrations are considerably more variable in the intermediate to felsic 
xenoliths and are lower than those of their respective protolith compositions. The range of K/Rb ratios 
exhibited by the entire xenolith suite is present in these rocks. K/Rb ratios range from typical upper 
crustal values (e.g. K/Rb = 142 to 263) for the felsic xenoliths to high ratios in the intermediate, 
metasedimentary, xenoliths (K/Rb = 970 to 3,600). K/Cs ratios in the intermediate to felsic xenoliths 
range from 73,000 to 320,000.
In contrast, Sr, Ba and Pb contents of the xenoliths are not extreme. In the mafic xenoliths, Sr 
ranges from 98 to 345 ppm, Ba from 12 to 152 and Pb from 0.6 to 3.5 ppm. The Sr values are similar 
to those found in mafic igneous rocks, but Ba and Pb contents are tend to be lower. There is no 
enrichment of these elements over the LREE elements, as observed in other mafic lower crustal 
xenoliths (Arculus et al., 1986). Similarly, Sr, Ba and Pb concentrations in the intermediate to felsic 
xenoliths are comparable to those of their protoliths.
Ferromagnesian Trace Elements
Table 10 gives ferromagnesian trace element contents for the McBride xenoliths. As expected, 
Cr, Co and Ni concentrations are high in the mafic xenoliths. An exception to this is sample 85-107,
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which has unusually low concentrations of these elements for a mafic rock. However, this sample is
also extremely Mg-poor (Mg# = 21), suggesting it is relatively evolved. In contrast, the Cr and Ni 
contents of the intermediate to felsic xenoliths are unexpectedly high. Sedimentary rocks can have 
elevated Cr and Ni contents relative to igneous rocks of similar SiO? content (Taylor and McLennan, 
1985), so the concentrations in the two metasediments are not unusual. (Note that metasedimentary 
xenoliths from the Hoggar also have high Ni and Cr contents [Leyreloup et al., 1982]). However, the 
high Ni (60-100 ppm) and Cr (50-73 ppm) in the felsic (metaigneous) xenoliths 83-160 and 83-162 are 
both unexpected and perplexing. These concentrations are unlikely to be due to contamination by the 
host basalt, since it has only 137 ppm Ni and 180 ppm Cr (Irving and Frey, 1984). This necessitates 
nearly 100% replacement of the xenolith by the host to account for the high Ni and Cr in the xenoliths. 
Microprobe analyses of the ferromagnesian phases in these xenoliths show relatively high Cr and Ni 
concentrations (e.g., up to 200 ppm Cr in orthopyroxene and 180 ppm Ni in magnetite of 83-160 and 
up to 260 ppm Cr in garnet and 550 ppm Ni in Fe-Ti oxide phases of 83-162). This suggests that the 
elevated concentrations of these elements occurred prior to the last metamorphic episode. However, the 
ultimate source of the Ni and Cr remains obscure; it is unlikely to be an original feature of the rock.
High valency Cations
Concentrations of U, Th, Hf, Zr, Sn, Mo and Nb are given in Table 11 for the McBride 
xenoliths. Uranium contents are uniformly low in all xenoliths (< 0.85) and lie dramatically below 
that of the upper crustal average (2.8 ppm, [Taylor and McLennan, 1985]). Similarly, Th contents are 
low, but exhibit more range than those of U (Th = 0.04 to 0.86 in the mafic xenoliths and 0.08 to 3.2 
in the intermediate to felsic xenoliths), but are also dramatically lower than those of average upper crust 
(10.7 ppm [Taylor and McLennan, 1985]). Zr, Hf and Nb concentrations in these xenoliths are 
extremely variable, but the Zr/Hf ratio lies near 38 (±7, 1 cr). Zr and Hf concentrations in the mafic 
xenoliths correlate with the presence of zircon (c.f. Tables 2 and 11).
A.8-15
Discussion
Petrogenesis
A common origin for the McBride xenoliths seems unlikely given the lack of correlations 
between trace elements or major elements and the variable ages of zircons in the xenoliths (Rudnick and 
Williams, 1986). Therefore, unravelling their petrogenesis requires the integration of individual 
xenolith's chemistries with available age information.
Mafic Xenoliths
The mafic xenoliths can be subdivided into three genetic types: (1) xenoliths which originated as 
nearly "unmodified" basaltic melts (2) xenoliths with the chemical features of crystal cumulates and (3) 
xenoliths with chemical features of mafic residues left after partial melt extraction. Distinguishing 
between crystal cumulates and residua is often difficult in the absence of primary igneous textures; 
discussion of possible criteria has been given in Rudnick et al. (1986). One common approach is that 
originally proposed by Frey and Prinz (1978) where they distinguish cumulates from restites by the 
variation in compatible and incompatible trace element concentrations in a genetically related suite of 
rocks. They noted that at variable but low degrees of partial melting incompatible trace elements will 
change dramatically in the residue, but compatible trace elements will show little variation. The reverse 
is true for crystal cumulates. Overall, this approach works well for genetically related rocks, but 
unfortunately in the McBride xenoliths, as in many other xenolith suites, no genetic link can be 
presumed and this approach is limited. However, a similar approach based upon phase petrology can 
be useful. For example, if a xenolith has chemical features pointing to the importance of a given phase 
during the xenolith's generation (such as igneous garnet or clinopyroxene), then the position of this 
phase on the liquidus of the presumed melt type can help to determine whether that phase was a 
cumulate or restite. For this approach to be valid, one must assume, as in the case of trace element 
variations, that only small degrees of partial melting or crystal accumulation occurs. Below we outline 
the rationale behind our preferred origins for these xenoliths.
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Only one mafic xenolith, 85-120, has major and trace element composition similar to a basaltic 
melt. It has chemical features of an oversaturated, low Ti tholeiite. Rare zircons found within this 
xenolith, with late Paleozoic ages, may be xenocrystic, or may have crystallized during the 
metamorphism (Rudnick and Williams, 1986). Two other mafic xenoliths (85-100 and 85-108) may 
have originated as mafic melts. Both have REE patterns similar to 85-120 (Fig. 7c) and both are silica 
oversaturated. However, 85-108 has a low Na^O and a high CaO content for a mafic melt, implying 
possibly some clinopyroxene accumulation, and 85-100 experienced orthopyroxene enrichment through 
metamorphic differentiation, as discussed above. Zircons in 85-100 yield a 400 Ma metamorphic age, 
which may not be significantly different than that of the oldest zircons in 85-120, thus it is possible 
that both samples were metamorphosed near 400 Ma. Primitive mantle-normalized trace element 
abundances for these melt-like xenoliths are shown in Fig. 9. Large ion lithophile elements, which may 
have been depleted by metamorphism (see below), are not plotted. All three samples are depleted in 
the high field strength cations Zr, Hf and Ti relative to the REE. However, Nb is only depleted in 
85-100 and 85-108; it is slightly enriched in 85-120. Sr is depleted 85-100 and 85-108, correlating 
with large negative Eu anomalies in these samples (Eu/Eu* = 0.75-0.78) and suggests plagioclase 
fractionation from the melt. All of these chemical features (except the lack of Nb depletion in 85-120) 
are similar to those of either island arc basalts or continental flood basalts.
Two mafic xenoliths, 83-158 and 85-106, have major element compositions similar to 
high-pressure pyroxenes and REE patterns characterized by LREE depletions. It is likely that these 
xenoliths originated as high-pressure pyroxene cumulates from a mafic melt. The modal garnet and 
plagioclase thus represent later exsolved phases, or possibly phases crystallized from interstitial melt. 
Garnet and plagioclase exsolution lamellae in the clinopyroxenes of 83-158 provides textural evidence 
for the former. Other trace element characteristics such as high Cr, Ni, Sc and V and low Sr and Ba 
concentrations are consistent with this interpretation. The importance of clinopyroxene in the 
generation of these xenoliths suggest they are not restites, but rather are clinopyroxene cumulates, since 
pyroxene is an early crystallizing phase in many basalt types (BVSP, 1981; Green, 1980).
Finally, three mafic xenoliths, 83-159, 85-107 and 85-114 have chemical characteristics indicative 
of a cumulate or restite origin. All have high AI2 O3  contents and positive Eu anomalies.
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85-114 is large, and unlayered, and shows the obvious affects of plagioclase and garnet 
concentration in its REE pattern (Fig. 7a). The lack of mineraiogical layering implies that these 
features are not due to metamorphic differentiation. Plagioclase and garnet only coexist at near-solidus 
temperatures for basalts and andesites (see review of experimental data by Green, 1980), suggesting this 
sample is a restite rather than a cumulate. The high Ti and Nb content of this sample also shows that 
rutile (which is modally present), or possibly another Ti-rich phase, was an important residual phase 
during the partial melting event.
The trace element chemistry of sample 83-159 does not allow direct distinction between a restite 
or cumulate origin, only that plagioclase was an important phase during the generation of this sample. 
However, when its chemical characteristics are combined with observations on the ages of zircon and 
the types of inclusions within them, a restite origin is suggested. Several zircons from 83-159 contain 
recrystallized melt inclusions of approximate intermediate composition (SiC>2 ~ 63%), and define a 
chord between 1580 Ma and 200 Ma on a concordia diagram (Rudnick and Williams, 1986). The 
presence of euhedral amphibole inclusions within the zircons further suggests crystallization from an 
intermediate parent melt containing significant amounts of H2O (at least 3 wt.%, based on experiments 
of Naney, 1983). The simplest model to explain these observations is that the zircons crystallized from 
an intermediate melt during the Proterozoic. This rock was then partially melted during high-grade 
metamorphism in the late Paleozoic, leaving a mafic residue of plagioclase and ferromagnesian 
minerals, possibly amphibole or clinopyroxene; the modally abundant garnet in this sample must have 
formed in the subsolidus since the HREE are not enriched.
Mafic granulite xenolith 85-107 has several very peculiar chemical features. First, it is extremely 
Mg-poor for a mafic rock, with only 2.2% MgO and an Mg number of 21. Similarly, concentrations 
of the compatible trace elements Cr and Ni are extremely low. Such features are generally only 
observed in felsic igneous rocks. Secondly, this sample has very high zircon content, reflected in the 
extreme Zr and Hf concentrations in this sample (Table 11). The abundance of zircons suggests they 
were concentrated, either through crystal accumulation or through partial melt removal. Like the 
sample previously discussed, zircons in this rock contain inclusions of trapped melt. However in these 
zircons the melt has not been recrystallized and yields a homogeneous granitic composition, with a low
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Mg number (~25) (Rudnick and Williams, 1986). All o f these observations suggest that 85-107 
represents a mafic cumulate from a granitic magma. The complete overlap in metamorphic and igneous 
zircon ages for this rock (Rudnick and Williams, 1986) supports a model whereby crystal accumulation 
occurred from a granitic melt in a deep crustal environment The cumulates remained in the deep crust 
where they recrystallized as they cooled.
Intermediate Xenoliths
The major and trace element chemistry and mineralogy (sillimanite in 85-101) of the intermediate 
xenoliths indicate a sedimentary origin for these rocks. The high AI2 O3  contents relative to NaoO and 
CaO suggests these samples have been weathered. This is best demonstrated using the CIA (chemical 
index of alteration) triangular diagram, developed by Nesbitt and Young (1982,1984) to document the 
effects of chemical weathering. Both samples fall near the plagioclase-kaolinite join, far above the field 
of unweathered igneous rock types (Fig. 10). Several caveats must be considered when using this 
diagram for metamorphic rocks. Firstly, CaO in the diagram is meant to be the CaO in the silicate 
portion of the rock, therefore, in sedimentary rocks CaO in carbonate and apatite are subtracted. Because 
it is difficult to determine how much, if any, carbonate and apatite may have originally been present in 
these rocks, all CaO is taken as silicate CaO, making this value a maximum. Secondly, granulite 
facies metamorphism may cause depletion in K9 0 ,  which is difficult to effectively constrain (see below 
and Rudnick et al., 1985), so that the rocks may have originally plotted along a line towards the K end 
of the triangle (Fig. 10). However, the amount of K^O that must have been removed from these rocks 
to cause them to originally plot within the igneous rock trend is unreasonably large (3 wt.% for 
83-157 and 5 wt.% for 85-101). Finally, it is apparent from REE chemistry that 85-101 probably has 
elevated garnet concentrations due to unrepresentative sampling. Garnet addition must occur at the 
expense of plagioclase and quartz (the other important modal phases in this rock) so the sample would 
have originally plotted further away from the AI9 O 3  end of the triangle (Fig. 10). However the 
whole-rock composition would never plot within the unweathered igneous rock field unless all garnet
were removed, and this seems unlikely.
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In addition to major elements, the REE pattem of 83-157 is very similar to those of 
post-Archean shales (Fig. 8a). Even though the REE pattern of 85-101 shows the effects of 
metamorphic garnet enrichment, this sample still has a negative Eu anomaly, typical of those in 
post-Archean shales. We therefore conclude that both of these rocks were originally metapelites.
Felsic Xenoliths
The two felsic xenoliths have major and trace element characteristics similar to calc-alkaline 
igneous rocks. These features, coupled with their late Paleozoic crystallization ages, suggest they are 
related to the extensive calc-alkaline igneous rocks which abound near Hill 32. These samples are also 
shown on the CIA diagram (Fig. 10). 83-160 clearly plots within the field of igneous rocks, but
83-162 falls slightly higher than this field. Again, preferential sampling of garnet is the likely cause of 
this. If only 10% of garnet is subtracted from this sample, then 83-162 plots at the high K^O end of 
the igneous rock trend. Because both samples have high-grade mineralogies, indicating equilibration at 
deep crustal levels, it is likely that these rocks formed by partial melting of the lower crust and have not 
moved far from their source regions.
In summary, the McBride xenoliths represent a diverse lithologic assemblage with no apparent 
genetic link amongst any of the xenoliths. Most are mafic, but these mafic xenoliths arose from 
diverse processes, including intrusion and crystallization of mafic mantle-derived melts into the lower 
crust, crystal accumualtion in mafic and felsic melts and partial melting of intermediate rock types, 
leaving a mafic residue. The intermediate xenoliths are supracrustal in origin and the felsic xenoliths 
represent melts which did not move far from their source regions.
Metamorphic Effects
High-grade metamorphism has the potential of depleting rocks in large, incompatible elements 
such as Rb, (Cs), Th and U (Heier, 1973). Studies of rocks from granulite facies terrains show that (1) 
not all granulite are depleted and (2) such depletions, where they do occur, are not coupled with other 
geochemical indicators of partial melting (e.g., the presence of positive Eu anomalies), suggesting that
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the depletions are due to metamorphic mineralogicai changes coupled with fluid fluxing (Rudnick et al., 
1985).
In order to evaluate the effects of granulite facies metamorphism on depletion of large ion 
lithophile elements (LILE) in granulite facies xenoliths, the petrogenesis of the rocks must be 
considered. For example, depletions in LILEs and an increase in K/Rb ratios may arise from igneous 
processes such as crystal accumulation and partial melt extraction. This is because K is less 
incompatible than Rb in all igneous minerals excluding mica. In these cases, the degree of resulting 
depletion depends strongly on the proportion and composition of interstitial melt. In addition, 
preferential sampling of ferromagnesian phases in layered xenoliths will cause overall depletion of these 
elements and may change their ratios. Therefore, it is difficult to constrain LILE depletions due to 
metamorphism in samples which have been generated or affected by these processes.
The mafic xenoliths from the McBride province have low overall abundances of LILEs and high 
K/Rb ratios, however most of these xenoliths formed as either cumulates or restites. Only three of the 
mafic xenoliths from the McBride province represent crystallized melt compositions, and one of these is 
enriched in orthopyroxene. The two remaining xenoliths (85-108 and 85-120) have very high K/Rb 
ratios and low overall K and Rb abundances, features which suggest metamorphic depletions of both K 
and Rb. The Th and U content of these samples are also very low for continental basalts (cf. BVSP 
(1981) and one sample (85-108) has a very high Th/U ratio, suggesting U depletion relative to Th.
The intermediate and felsic xenoliths have arisen through "supracrustal" processes such as 
sedimentation and intracrustal melting, thus allowing comparison of their LILE concentrations with 
assumed protolith compositions. The two intermediate xenoliths have low K contents for sedimentary 
rocks and their K/Rb ratios are very high (Table 9). One of these samples is strongly enriched in garnet 
and thus its LILE concentrations may not reflect the true bulk rock value if a larger sample had been 
available. However these difficulties are overcome with the second sample, and it appears to have been 
depleted in Rb, and perhaps K, relative to a sedimentary protolith. The Th and U contents of this 
sample are also very low, but its Th/U ratio is similar to that of shales, suggesting porportional 
depletion of both these elements. In contrast with the intermediate xenoliths, the two felsic xenoliths 
have relatively high K contents and K/Rb ratios similar to the upper crust. There is no evidence of K
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or Rb depletion in these samples. It is interesting that even though one sample has elevated garnet 
(83-162), it has only slightly affected the K and Rb contents, and has apparently not fractionated one 
from the other. Th and U contents of these samples are up to an order of magnitude lower than typical 
granitic rocks (c.f. Rogers and Adams, 1978), but Th/U ratios are only slightly lower than those of 
granites (2.6 and 3.6 versus 3.5-6.0 for granitic rocks), which suggests proportionately equal depletion 
in both these elements.
Figures 11 and 12 show the Rb-K and U-Th characteristics, respectively, of the McBride xenoliths 
relative to data for other granulite facies xenoliths from the literature. Xenoliths entrained in 
kimberlites have been left out of these plots because of the effects of possible contamination from the 
hosts (Griffin et al., 1979; Rogers and Hawkesworth, 1982). The McBride xenoliths show the largest 
range in K and K/Rb ratios yet reported within a single suite of granulite xenoliths, although xenoliths 
from the Massif Central show nearly as large of range. The range and anticorrelation of K/Rb raito 
with K content in the xenoliths is similar to that observed in rocks from granulite facies terrains 
(Rudnick et al., 1985). Th and U abundance data for lower crustal xenoliths is scarce, but the available 
analyses show low concentrations relative to rocks from granulite terrains. This mainly reflects the 
dominance of mafic lithologies in xenoliths when compared with granulite terrains. Th/U ratios in 
xenoliths are similar to those of granulite terrain rocks of similar Th and U concentrations. The 
similarities in LILE contents and LILE ratios between granulite xenoliths and rocks from granulite 
terrains may reflect similar depletion processes, the nature of which is as yet poorly constrained.
A Ba- and Sr-rich Lower Crust?
Previous studies found high Ba and Sr contents in lower crustal xenoliths (Arculus et al., 1986) 
and have postulated a Ba- and Sr-enriched lower crust in island arc environments (Arculus and Johnson, 
1981). The McBride province xenoliths do not contain Ba enrichments and Ba/La ratios for these 
xenoliths are not extreme (Table 9). In fact, whereas the Sr contents of the mafic xenoliths are similar 
to those of common basalts, the Ba contents are generally lower than found in such rocks. This is 
probably due to the effects of partial melt extraction and crystal accumulation, during which Ba is 
highly depleted and Sr may or may not be depleted depending upon the presence of plagioclase. REE
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data confirms that both processes have influenced the composition of these xenoliths.
Figure 13 shows the variation of La versus Ba/La for all available data on lower crustal xenoliths. 
The field of the McBride province xenoliths is outlined. Several important features are apparent from 
this diagram. First, it is only xenoliths which are carried by kimberlites that have extreme Ba/La 
ratios. Secondly, high Ba/La ratios only occur at low La contents. Both features indicate that the high 
Ba/La ratios observed in some lower crustal xenoliths may be artifacts of contamination by the host 
kimberlite. Kimberlites are noted for their high alkali contents and many of these elements are readily 
leached during weathering and groundwater percolation (Dawson, 1980). Recent analyses of garnets 
from ultramafic xenoliths carried in kimberlites show them to have a calcium carbonate phase high in 
Sr, but with insignificant Rb and REE contents (Ba was not measured)(Richardson et al., 1985). This 
contaminant was regarded as a precipitate from groundwater. This is in agreement with microprobe data 
that shows that the Ba and Sr in Ba-Sr-rich lower crustal xenoliths are contained in grain boundary 
strontiobarytes (Emery et al., 1985). We conclude that, until further evidence becomes available, the Ba 
and Sr enrichments seen in some lower crustal xenoliths from kimberlites should be viewed with 
caution and should not be considered a common feature of lower crustal xenoliths.
Comparison with Other Xenolith Suites
The wide range of lithologic compositions which are present in the McBride xenoliths are unusual 
in eastern Australia (Griffin and O'Reilly, 1986). For example, just 150 km to the southwest, in the 
Chudleigh volcanic province, lower crustal xenoliths are exclusively mafic (only one felsic xenolith 
was found out of a total of 77 xenoliths collected by us (Rudnick et al., 1986) and Kay and Kay 
(1983)). Other eastern Australian localities contain only rare intermediate to felsic lithologies (e.g., 
chamockite xenoliths at Delegate (Lovering and White, 1969)), but such lithologies are apparently more 
abundant in the South Australian kimberlitic pipes which erupt through Proterozoic crust (e.g., 
Calcuterroo pipe, Ferguson et al., 1979).
Does the absence of reported intermediate to felsic xenoliths in Eastern Australia reflect an 
entirely mafic lower crust, or is it possible that intermediate to felsic lithologies are under-represented, 
either due to preferential sampling and preservation by the basaltic host or preferential sampling by
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investigators? We suggest the latter is true and that both factors may play a role. For example, crustal 
xenoliths in many of the Victorian Newer basalt vents are restricted to gamet-sillimanite-feldspar-quartz 
compositions, which are so extensively melted that they have a texture and density approaching pumice. 
(These occur at Mt. Leura, Ml Noorat and Ml Pomdon, Rudnick, unpubl. data). Similar rocks have 
been observed in the Atherton volcanics of north Queensland. Such rocks are inherently difficult to 
work on and are generally ignored when lower crustal xenoliths are described. In addition, intermediate 
to felsic lower crust may exist beneath localities at which no such xenoliths are observed. For 
example, isotopic compositions of the mafic Chudleigh xenoliths require assimilation of a more 
evolved crustal component by these rocks (Rudnick et al., 1986). Determining whether other suites of 
exclusively mafic lithologies show similar crustal signatures or not requires accumulation of more 
isotopic data.
The above observations suggest that intermediate and felsic lithologies may be more abundant in 
the eastern Australian lower crust than recent estimates indicate. A compositionally heterogeneous 
lower crust is a reasonable expectation given the diverse processes which form the lower crust at 
continental margins (i.e., basaltic underplating, tectonic underplating of supracrustals and partial 
melting). Therefore, the lithologies present in the McBride suite are regarded as representative of at 
least this portion of the lower crust and it is illustrative to compare their compositions with recent 
lower crustal bulk composition estimates.
Lower Crustal Composition
An average composition of the north Queensland lower crust was obtained by weighting the 
average compositions of intermediate/felsic xenoliths and mafic xenoliths according to their observed 
lithologic proportions (column 2 of Table 1). Table 12 provides the mean intermediate/felsic and 
mafic xenolith compositions and the weighted mean for the suite. Also given are recent estimates of 
lower crustal composition from Weaver and Tamey (1984) and Taylor and McLennan (1985). In 
averages of this type, where only a small number of samples are available, a single sample with 
extreme chemistry can significantly affect the mean. Such is the case with Mg-poor mafic xenolith 
85-107, which has extreme Zr and Hf contents due to its high zircon content. However, recent
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experimental and geochemical studies of granites have suggested that such accessory phase-rich rocks 
may occur in the lower crust (Watson and Harrison, 1983; Sawka and Chappell, 1986). The question 
therefore, is whether the proportion of this rock type observed here (i.e., 1 in 12) is accurate. For this 
reason, Zr and Hf values have been calculated with and without this sample. A more realistic estimate 
of average Zr and Hf in the north Queensland lower crust may lie between these two values.
Figure 14 illustrates the variations observed between the weighted mean composition of the 
McBride xenoliths compared with the two lower crustal estimates. Considering the large uncertainties 
associated with this xenolith-derived composition, similarities between it and the lower crustal model of 
Taylor and McLennan (1985) appear remarkable. The largest discrepancy occurs in some of the 
high-field strength elements and in the alkali elements; Nb, Zr, Hf and Rb concentrations are higher in 
the xenolith average than in the proposed lower crust model and Cs, Th and U are dramatically lower in 
the xenoliths than the lower crustal model. In addition, Na and Cu are significantly depleted in the 
xenoliths with respect to the lower crustal model. Taylor and McLennan's lower crust was modelled as 
the material left after extraction of 20% granodioritic melt (to form the upper crust) from their bulk 
crustal estimate. Their model thus predicts a large proportion of the lower crust to represent residual 
material. Interestingly, while such material is present in the McBride suite, it constitutes a only minor 
proportion of the observed lithologies. Therefore, although the compositions are similar, the processes 
giving rise to the lower crust are not. This suggests that that cumulate process may be more important 
in intracrustal differentiation than supposed by Taylor and McLennan (1985).
The large differences between the McBride average composition and the post-Archean lower crust 
proposed by Weaver and Tamey (1984) are attributable to their use of average orogenic andesite as 
representative of the post-Archean lower crust. The xenoliths from this province and elsewhere are, on 
average, much more mafic than this. Thus, ferromagnesian elements are higher in the xenoliths, (2-6 
times) and alkali elements dramatically lower (0.1 to 0.2 times) than orogenic andesite. It is also 
noteworthy that the degree of LREE enrichment observed in the xenoliths is much lower than that 
postulated by Weaver and Tamey (1984).
The tectonic environment in which this section of north Queensland crust formed is under debate 
(Henderson and Stephenson, 1980). However, the presence of voluminous 300 Ma calc-alkaline
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volcanics and high-level intrusions suggests that some form of subduction occurred at this time. It is 
clear from the zircon ages from the xenoliths that extensive lower crustal growth and modification 
occurred at this time. Therefore, the place where continental growth is presently occurring, at 
convergent continental margins, is characterized by dominandy mafic, mantle-derived lower crust with 
tectonically and magmatically intercalated intermediate and felsic lithologies.
Conclusions
The following conclusions are reached from the data presented above:
(1) Careful evaluation of major and trace element compositions, coupled with petrologic and 
geochronologic information, enables recognition of the petrogenesis of most high-grade lower crustal 
xenoliths.
(2) In some xenoliths preferential sampling of metamorphic phases due to metamorphic differentiation 
and the small sample size will cause changes in the whole rock chemistry. However, these effects can 
be recognized and often the original characteristics of the xenolith can be reconstructed.
(3) When evaluating LILE depletions in granulite xenoliths, care must be taken to avoid xenoliths 
which have experienced cumulate or restite processes, which will lead to low LILE abundances and 
higher K/Rb ratios. Only xenoliths which represent high-grade equivalents to unmetamorphosed 
supracrustal rock types can be used to evaluate LILE depletions.
(4) LILE abundances in such xenoliths show similar depletion patterns to those observed in granulite 
facies terrains — variable depletion in K and Rb with K/Rb ratios negatively correlated with K content 
and low overall Th and U contents with variable Th/U ratios.
(5) A Ba- and Sr-rich lower crust is not supported by the McBride data and only xenoliths carried by 
kimberlites show such enrichments. It is likely that these enrichments are due to contamination by the 
host kimberlite and do not represent an in situ lower crustal feature.
(6) The lower crustal xenoliths from Hill 32 formed through a variety of processes: crystallization of 
mantle-derived basaltic melts, crystallization of locally derived felsic melts, crystal accumulation from 
mafic and feisic magmas, high-grade metamorphism of supracrustal lithologies and partial melt 
extraction. Such a diverse lithologic assemblage reflects the heterogeneous nature of the lower crust in 
Phanerozoic continental margins.
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(7) A weighted mean composition of the lower crust beneath the McBride province, based upon the 
xenoliths from Hill 32, shows that the lower crust is mafic, with a major and trace element 
composition similar to that proposed by Taylor and McLennan (1985).
(8) Simple models for lower crustal genesis in which the lower crust forms primarily through 
magmatic underplating or intracrustal melting cannot account for the xenolith data. It is likely that 
both these processes operated as well as depletion of LILE (including heat-producing elements) through 
high-grade metamorphism and tectonic intercalation of supracrustal assemblages.
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Figure Captions
Figure 1. Location of northern Queensland volcanic provinces and xenolith-bearing cinder cones 
(squares). Hill 32 occurs near the center of the McBride Province, which is situated within a 
Proterozoic crustal block, amidst extensive late Paleozoic felsic volcanics and high level 
intrusions (after Stephenson and Griffin, 1976).
Figure 2. Photomicrographs showing common decompression features in McBride xenoliths. (A) 
Skeletal quench crystals in melted garnet in 85-127. White area at core of crystal on right is relict 
garnet. (B) Glass along crystal boundaries in intermediate xenolith 83-157.
Figure 3. Composition of feldspars in analyzed Hill 32 xenoliths. Each symbol represents a 
separate sample and total observed range in compositions are plotted. Key to symbols: (upper) [•] 
= 83-157, [ ] = 101, [o] = 83-160, [ ] = 162; (lower) [•] = 83-158, [o] = 83-159, [ ] = 85-100, [ ] 
= 85-106, [A] = 85-107, [A] = [85-108], [+] = 85-114, [ ] = 85-120.
Figure 4. Composition of garnets in Hill 32 xenoliths. Fields A, B, and C are eclogitic garnet 
fields for kimberlites, gneisses and blueschists, respectively (Coleman et al., 1965). Symbols as 
in Fig. 3.
Figure 5. Compositions of pyroxenes in Hill 32 xenoliths. Projections on to pyroxene 
quadrilateral follows method of Lindsley (1983); experimentally determined isotherms are given 
for reference, at 1.0 GPa pressure. Symbols as in Fig. 3.
Figure 6. Na^O in clinopyroxene versus anorthite content of coexisting plagioclases for McBride 
mafic xenoliths, excluding 85-107 (which is a cumulate from a felsic magma). Error bars 
represent total observed compositional variations for the minerals.
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Figure 7. REE patterns for Hill 32 mafic xenoliths (A) cumulate or restitic xenoliths, (B) pyroxene 
cumulate xenoliths, (C) possible mafic melt xenoliths.
Figure 8. REE patterns for Hill 32 felsic and intermediate xenoliths. (A) metasedimentary 
xenoliths, (B) felsic xenoliths.
Figure 9. Primitive mantle-normalized trace element abundances in the three mafic xenoliths with 
melt-like compositions. Note that Sr depletion in 85-100 and 85-108 correlates with a negative 
Eu anomaly in these two samples. Primitive mantle normalizing values from McDonough et al. 
(1985).
Figure 10. Chemical index of alteration (CIA) diagram, with oxides plotted as molecular 
proportions (after Nesbitt and Young, 1982, 1984). Mineral compositions and field of igneous 
rocks are shown for reference. Solid circles repesent average igneous rock types for andesitic 
through granitic compositions (Nesbitt and Young, 1984; Taylor and McLennan, 1985). Dots 
represent late Paleozoic and Proterozoic north Queensland felsic igneous rocks (Sheraton and 
Labonne, 1978). Both 83-157 and 85-101 have significantly higher AI9O3 than typical igneous 
rocks, suggesting both have experienced weathering. Arrows show trajectory upon which rocks 
may have originally plotted if granulite facies metamorphism has caused depletion in K^O. 
However, in order for both rocks to have originally plotted within the igneous field, 3.3% K^O 
(for 83-157) or 5.5% K90  (for 85-101) would have to have been lost. Open circles represent the 
two felsic Hill 32 xenoliths. Note that metamorphic garnet concentration in 83-162 causes it to 
plot slightly higher than typical igneous rocks.
Figure 11. Rb versus K for lower crustal xenoliths, excluding xenoliths carried in kimberlites. 
Data sources are: McBride, north Queensland (this paper); Boomi Creek, N.S.W. (Wilkinson, 
1975; Wilkinson and Taylor, 1980)1; Chudleigh, north Queensland (Rudnick et al., 1986); Eifel, 
west Germany (Slosch et al., 1986); Massif Central, France (Leyreloup et al., 1977).
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Figure 12. Th versus U for Hill 32 xenoliths, excluding xenoliths carried in kimberlites. Data 
sources: McBride, north Queensland (this paper); Chudleigh, north Queensland (Rudnick et al., 
1986); Boomi Creek, N.S.W. (Wilkinson and Taylor, 1980).
Figure 13. La versus Ba/La ratio for lower crustal xenoliths. Open symbols are xenoliths 
contained within kimberlitic hosts, solid circles are xenoliths hosted by alkalic basalts or 
nephelenites. Sources of data: McBride, north Queensland (this paper), Chudleigh, north 
Queensland (Rudnick et al., 1986), Delegate, N.S.W. (Arculus, unpubl.), Boomi Creek, N.S.W. 
(Wilkinson and Taylor, 1980), Massif Central, France (Dupuy et al. 1979), Hoggar, Algeria 
(Leyleroup et al., 1982), Calcutterroo, S.A. (Arculus et al., 1986), Lesotho, southern Africa 
(Rogers, 1977; Griffin etal., 1979; Rogers and Hawkesworth, 1982).
Figure 14. Weighted average lower crustal xenolith composition for Hill 32 xenoliths normalized 
to average lower crustal compositions of (a) Taylor and McLennan (1985) and (b) Weaver and 
Tamey (1984). Zr and Hf abundances are shown with 85-107 included (solid symbols) and with 
85-107 excluded (open symbols).
Table 1. Lithologic proportions for Hill 32 crustal xenoliths
1 2
Mafic Granulites 23 (66%) 42 (78%)
Intermediate Granulites 6 (17%) 6(11%)
Felsic Granulites 4 (11%) 4 (7%)
Granites (upper crustal) 2 (6%) 2 (4%)
TOTAL 35 54
1 = all samples from this study; 2 = includes samples from Kay 
and Kay (1983).
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Tabic 2. Mineralogies and textures of Hill 32 Lower Crustal Xenoliths
Sample Size Major Minerals Accessory Minerals Texture/ T (°Q
(g) Grain Size P (GPa)
MAFIC XENOLITHS
2 Pyroxene Granulites
85-100 300 Opx*-Pc-Cpx Rut-Bio-Il-Ap-Zir Poly, Layered, 1 mm 960-100001
85-102 Opx-Pc-Cpx Am-Rut-Ap-Zir Poly, Layered, 1mm
85-120 340 Pc-Opx-Cpx n-Am-Rut-Zir Poly, Layered, 1 mm 860-91001
85-123 Pc-Cpx-Opx Sp-Gar-Am Coronal, <1 mm
85-125 Pc-Opx-Cpx Rut Poly, 1 mm
85-126 Pc-Cpx-Opx Am-Rut Poly, 2 mm
85-130 Opx-Pc-Cpx D-Ap-Zir Poly, Layered, 1 mm
85-133 Pc-Cpx-Opx Ox-Ap Cata, Poly, 2 mm
Gamet-Clinopyroxene Granulites
83-159 650 Pc-Gar-Cpx§ Am-Il-Mt-Rut-Ap-Zir Poly, 2 mm 840-920°2
85-106 330 Cpx^ -Gar*-Am-Sc n-Pc-Mt Coronal, 4 mm 890-107002
85-107 220 Gar-Pc-Q Cpx-D-Zir-Ap Coronal, 1 mm 680-760°2
85-114 410 Gar-Cpx-Pc Rut Poly, 2 mm 830-910°2
85-119 Cpx-Pc-Gar Q-Rut Poly, 1 mm
85-121 Cpx-Gar*-Pc Q-Rui-Am Poly, 3 mm
85-122 Cpx-Gar-Pc-Am n Coronal, Poly, 3 mm
2 Pyroxene Garnet Granulites
83-158 (300) Cpx^-Gar*-Pc Am-D-Opx Poly, 3 mm 940-100002,
1.1-1-53
85-108 270 Pc-Cpx-Gar* Q-Rut-Opx-Ap Poly, 1 mm 810-86002, 0.854
85-110 Cpx-Gar-Pc Opx-Ox-Am Poly, 3 mm
85-124 Pc-Gar-Opx Cpx-Rut Poly, 1 mm
85-127 Pc-Gar-Opx-Cpx 11-Rut Poly, 1 mm
85-129 Cpx-Gar-Pc D-Opx
Others
Poly, 3 mm
85-117 Gar*-Pc-Q Rut Poly, Layered. 1-2 mm
85-118 Pc-Cpx n-Ap-Am Poly, 3 mm
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Table 2. continued. Mineralogies and textures of Hill 32 Lower Crustal Xenoliths
Sample Size Major Minerals 
(g)
Accessory Minerals Texoire/ 
Grain Size
T (0O  
P (GPa)
INTERM EDIATE XENOLITHS
83-157 280 Pc*-Gar*-Q*-Opx* Bio-Cpx-Rut-Ap-Zir Poly, Layered, 2 mm 630°2, 0.8-1.04
85-99 Gar-Pc-Q Sil-Rut-Il-Ap Poly, Layered, 3 mm
85-101 170 Gar-Pc-Q* Rut-Il-Opx-Sil-Zir Poly, Layered, Coronal. 3 mm 1.1-1.3'
85-111 Pc-Q-Opx-Cpx Gar-Ap-Ox Poly, 1 mm
85-128 Gar-Pc-Q Rut-11 Porph, Poly, 2 mm
85-131 Gar-Pc-Sil Rut-Zir Poly, 2 mm
FELSIC XENO LITH S
83-160 290 Pc-Q*-Opx-Gar-K_f Cpx-Il-Bio-Mt-Ap Poly, 1 mm 740-900°l ,
Rut-Zir 0.9-1.2*
83-162 320 Q*-SCf*-Gar Ap-Zir-Rut-Mt-11 Poly, Layered, 1 mm
85-112 Q-Pc-Gar Bio-Zir Poly, 1 mm
85-132 Pc-Q-Gar Rut-Ap Poly, 1 mm
Where poly -  polygonal, caia = cataclasüc, porph — porphyroblasac
Minerals are listed in order of estimated relative abundance. Am = amphiboie, Ap = apatite. Bio = biodte, Cpx = 
ciinopyroxene. Gar = garnet, H = ilmenite, Kf = alkali feldspar, Mt = magnetite, Opx = orthopyroxene. Pc = plagioclase, 
Q = quartz. Rut = ruble. Sc = scapoiite, Sil = sillimanite, Zir = zircon.
■Contains acicular rudle inclusions
* Exsoludon lamellae throughout mineral;  ^Exsolution lamellae restricted to cores of mineral 
1 Wells (1977); 2Ellis and Green (1979); 3Harley and Green (1982); 4Peridns and Newton (1981).
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Table 3. Representative analyses of feldspars in Hill 32 xenoliths
Intermediate and Felsic Xenoliths
83-157 85-101 83-160 83-160 83-162
Si02 56.34 57.29 56.95 64.65 65.41
A1?0
FeO
3 27.76 26.60 27.23 20.17 19.06
— 0.24 — 0.30 0.14
CaO 9.99 8.06 8.83 0.93 0.09
NaoO 5.45 6.04 6.12 4.66 2.25
k 2o 0.45 0.89 0.67 9.11 12.93
Total 100.00 99.12 99.79 99.81 99.88
N u m b er o f  Io n s on  th e  b a s is  o f  3 2  (O )
Si • 10.13 10.37 10.25 11.70 11.99
A1 5.88 5.67 5.77 4.30 4.10
Fe — 0.04 — 0.04 0.02
Ca 1.92 1.56 1.70 0.18 0.02
Na 1.90 2.12 2.13 1.64 0.80
K 0.10 0.20 0.15 2.10 3.01
Total 19.93 19.96 20.01 19.97 19.90
Mafic Xenoliths
83-158 83-159 85-100 85-106 85-107 85-108 85-114 85-120
Si02 59.83 55.94 53.94 56.77 58.76 55.97 52.35 54.60
25.55 28.06 28.76 27.37 25.75 28.32 30.95 29.04
— — 0.39 — 0.41 — 0.26 —
CaO 7.20 10.11 11.69 9.24 7.62 10.50 13.76 11.31
Na? 0
K2D
6.97 5.61 4.28 6.13 6.70 5.05 3.58 4.76
0.74 0.06 0.38 0.24 0.58 0.71 0.12 0.29
Total 100.28 99.79 99.44 99.87 99.82 100.55 101.00 100.00
N u m b er o f  Io n s  on th e  b a s is  o f  3 2  (O )
Si 10.65 10.07 9.76 10.19 10.52 10.03 9.42 9.85
A1 5.36 5.95 6.13 5.79 5.43 5.98 6.56 6.17
Fe — — 0.06 — 0.06 — 0.04 —
Ca 1.37 1.95 2.27 1.78 1.46 2.02 2.65 2.18
Na 2.41 1.96 1.50 2.14 2.32 1.75 1.25 1.66
K 0.17 0.01 0.09 0.05 0.13 0.71 0.03 0.07
Total 19.96 19.94 19.81 19.96 19.92 19.94 19.94 19.93
Table 4. Representative analyses of garnets in Hill 32 xenoiiths
Intermediate and Felsic Xenoiiths
83-157 85-101 83-160+ 83-162
SiÖ2 39.92 39.48 38.45 39.37
22.47 22.89 22.35 21.89
20.93 20.38 23.92 24.18
MnO 0.29 0.82 0.59 1.24
MgO 11.65 2.75 8.80 10.07
CaO 4.44 3.54 6.52 3.39
Total 99.77 99.37 100.63 100.14
Number of Ions on ,the Basis of 24 (O)
Si 6.01 5.95 5.87 6.00
A1 3.99 4.06 4.02 3.94
Fe 2.64 2.57 3.05 3.08
Mn 0.04 0.10 0.08 0.16
Mg 2.61 2.75 2.00 2.29
Ca 0.72 0.57 1.06 0.55
Total 16.00 16.02 16.08 16.03
Mafic Xenoiiths
83-158 83-159 85-106 85-107 85-108 85-114
Si02 40.33 39.41 40.62 38.06 39.04 40.28
22.38 22.06 22.30 21.16 21.94 22.70
20.34 21.52 19.50 28.27 23.01 19.54
MnO 0.37 0.48 0.54 0.56 0.47 0.36
MgO 11.38 9.84 1Z04 4.16 8.52 11.03
CaO 6.01 7.33 5.89 7.80 7.02 6.21
Total 100.80 100.66 100.88 100.00 100.00 100.12
Number of Ions on the Basis o /2 4 (0 )
Si 6.01 5.96 6.03 6.00 5.98 6.03
A1 3.93 3.93 3.90 3.93 3.96 4.00
Fe 2.54 2.72 2.42 3.73 2.95 2.44
Mn 0.05 0.06 0.07 0.07 0.06 0.04
Mg 2.53 2.22 2.66 0.98 1.94 2.46
Ca 0.96 1.19 0.94 1.32 1.15 0.99
Total 16.02 16.08 16.02 16.03 16.04 15.97
1 Kelyphitic
A.8-41
Table 5. Representative analyses of pyroxenes in Hill 32 xenoliths
Intermediate and Felsic Xenoliths
83-157 83-160 83-157 83-160
Clinopyroxene ■ Orthopyroxene
Si02 52.65 51.93 53.99 52.23
T i02 — 0.47 —
AlpU-i 3.28 4.10 2.87 1.76
FeO* 4.04 8.45 16.07 24.01
MnO — — — 0.14
MgO 15.00 13.18 26.53 21.08
CaO 23.30 21.36 0.39 0.77
Na20 0.24 0.51 — —
Total 98.51 100.00 99.85 100.00
Numbers of Ions on the Basis of 6 (O)
Si 1.95 1.92 1.95 1.96
A1 0.14 0.18 0.12 0.08
Ti — 0.01 — —
Fe 0.12 0.26 0.48 0.75
Mn — — — 0.01
Mg 0.83 0.73 1.42 1.18
Ca 0.92 0.85 0.02 0.03
Na 0.02 0.04 — —
Total 3.99 3.99 3.99 4.00
Mafic Xenoliths
Clinopyroxenes
83-158 83-159 85-100 85-106 85-107 85-108 85-114 85-120
Si02 49.60 50.53 52.25 49.64 51.60 52.55 51.32 51.85
TiOo 1.01 0.63 0.43 0.30 — 0.28 0.56 0.50
AI2O3 7.31 5.98 4.04 8.37 2.88 3.15 4.49 4.16
Cr2Oa — — 0.22 — — — — —
FeO* 8.20 7.05 6.67 8.06 12.14 7.17 6.83 7.48
MgO 11.75 12.43 14.49 11.50 11.31 13.68 13.47 13.17
CaO 20.76 22.22 22.07 20.76 21.62 22.86 22.09 22.58
Na20 1.37 0.82 0.16 1.22 0.43 0.14 0.54 0.27
Total 100.00 99.66 100.34 99.84 99.98 100.00 99.30 100.02
Number of Ions on the Basis of 6 (O)
Si 1.84 1.88 1.92 1.84 1.95 1.95 1.91 1.92
A1 0.32 0.26 0.18 0.37 0.13 0.14 0.20 0.18
Ti 0.03 0.02 0.01 0.01 — 0.01 0.02 0.01
Fe 0.25 0.22 0.20 0.25 0.38 0.75 0.21 0.23
Mg 0.65 0.69 0.79 0.64 0.64 0.75 0.75 0.73
Ca 0.83 0.88 0.88 0.82 0.88 0.90 0.88 0.89
Na 0.10 0.06 0.01 0.09 0.03 0.01 0.04 0.20
Total 4.02 4.00 3.99 4.01 4.00 3.98 4.00 3.99
*A11 Fe as FeO
Table 5, continued. Representative analyses of 
pyroxenes in Hill 32 xenoliths
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Mafic Xenoliths
Orthopyroxenes
83-158 85-100 85-108 85-120
SiOp 53.66 55.19 53.29 53.10
3.09 2.56 2.20 3.04
18.48 17.67 20.73 20.85
MnO 0.12 0.36 0.22 0.39
MgO 24.64 24.44 22.80 22.25
CaO 0.56 0.62 0.75 0.37
Total 100.55 100.84 100.00 100.00
Number of Ions on the Basis of 6 (O)
Si 1.94 1.98 1.96 1.96
A1 0.13 0.11 0.09 0.13
Fe 0.56 0.53 0.64 0.64
Mn 0.003 0.01 0.01 0.01
Mg 1.33 1.31 1.25 1.22
Ca 0.02 0.02 0.03 0.02
Total 3.99 3.96 3.99 3.98
Table 6. Representative analyses of volatile-bearing phases in Hill 32 xenoliths
83-157
SiOo 37.48
TiOo 6.09
AI2O3 14.81
CrnOo
FeO 9.42
MnO
MgO 17.07 
CaO
NaoO 0.15
KpO 9.20
SÖ3
Total 94.37
Biotites Amphiboles Scapolite
83-160 85-100 83-158 83-159 85-106 85-120 85-106
37.24 36.93 40.49 41.52 40.18 40.36 45.17
6.55 5.29 3.38 3.24 2.74 1.97 —
14.14 14.74 14.16 15.35 15.09 13.14 26.14
0.33 0.09 0.18 — 0.29 —
14.42 10.06 12.51 11.57 12.31 12.64 0.28
0.06 — — — —
13.52 16.56 13.32 12.57 11.61 11.72 0.27
10.66 11.86 11.25 11.49 16.91
0.33 3.29 2.77 2.55 1.38 3.44
8.97 9.60 0.81 0.42 1.10 1.46 0.12
95.18 93751 98.80 9947 96.82 9445 433
Number of Ions on the Basis of 24 (O)
Si 6.00 6.05 6.01 6.20 6.25 6.25 6.46
A1 2.80 2.71 2.83 2.55 2.72 2.77 2.48
Ti 0.73 0.80 0.65 0.39 0.37 0.32 0.24
Cr 0.04 0.01 0.02 — 0.04
Fe 1.26 1.96 1.37 1.60 1.46 1.60 1.69
Mn __ 0.01 — —
—
M2 4.08 3.28 4.02 3.04 2.82 2.69 2.80I T i g ,
Ca 1.75 1.91 1.88 1.97- u
Na 0.05 0.10 ___- 0.98 0.81 0.77 0.43
K 1.88 1.86 1.99 0.16 0.08 0.22 0.30
Total 16.82 16.77 16.90 16.69 16.46 16.51 16.40
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Table 7. Major element compositions and C.LP.W. normative mineralogies o f  Hill 32 xenoliths
M etasedim ents Felsic M elts M aflc M elts C um ulates R estites/ C um uiates
83-157 85-101 83-160 83-162 85-100 85-108 85-120 83-158 85-106 83-159 85-107 85-114
Si02 54.61 55.93 63.98 66.94 51.70 48.90 5239 46.72 4631 43.41 5277 4130
TiO-i 1.47 03 7 0.91 03 6 0.88 1.09 037 1.13 1.41 1.90 1.46 336
a i2 ö 3
FeO*
19.79 19.83 15.74 1430 11.26 15.16 1630 14.70 15.65 19.72 19.04 19.63
9.91 11.69 5.88 6.89 1330 12.42 9.45 11.73 9.73 15.43 14.46 17.11
MnO 0.15 035 0.16 0.28 0.20 03 2 0.15 0 3 0 0.15 037 0.25 0.33
MgO 6.28 533 2.98 2.71 1430 8.48 9.17 10.42 9.20 738 218 9.18
CaO 4.63 3.95 431 139 6.82 12.70 93 0 13.60 15.61 9.29 6.50 8.36
N ajO 2.20 1.98 334 1.45 1.06 0.89 23 4 1.45 1.76 138 227 0.45
035 03 9 136 4.24 0.16 0.16 0.19 0.10 0.10 0.22 0.28 0.14
* 2 °5 0.23 0.15 0.45 0.21 0.19 0 3 2 0.28 0.07 0.19 03 8 0.78 036
Total 99.62 100.17 9931 99.17 100.07 10034 10034 100.12 100.11 99.78 99.99 99.92
Mg # 53.0 44.8 47.4 41.2 66.0 54.9 63.4 613 62.8 46.7 21.2 48.9
C JJW V . Norms
q 16.0 20.8 20.4 30.4 2 0 13 1.2 0 0 0 14.6 0
C 7.9 8.4 1.8 4.6 0 0 0 0 0 1.7 5.0 4.2
or 2.1 2 3 9.2 25.0 0.9 0.9 1.1 0.6 0.6 13 1.6 0.8
ab 18.6 16.7 283 123 9.0 7 3 19.8 123 9 3 11.7 19.2 3.8
an 213 18.0 18.4 7.4 253 36.9 34.0 333 343 423 27.2 40.0
ne 0 0 0 0 0 0 0 0 2.9 0 0 0
di 0 0 0 0 5.8 19.8 8.4 27.4 33.9 0 0 0
hy 283 30.1 20.1 16.9 523 29 3 323 4 3 0 22.8 25.0 35.0
ol 0 0 0 0 0 0 0 17.4 13.9 123 0 6.4
mt 1.9 2 3 1.1 13 2 3 2 4 1.8 2 2 1.9 3.0 2 8 33
ii 2.8 1.1 13 1.1 1.3 1.9 0.8 2.6 2 3 3.7 3.0 63
ap 0 3 0.4 1.1 0.2 0.4 0.8 0.7 0.2 0 A 1.4 1.9 0.6
Where q = quartz, c = corundum, or = onhoclase, ab = a]bite, an = anorthite, ne = nephiline, di = diopside, hy = hypersthene, ol = 
olivine, mt = magnetite, il = ilmenite, ap = apatite.
•Total Fe as FeO
Mg # = 1 (XXMg/Mg + £Fe)
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Tabic 9. Large cation element contents of Hill 32 xenoliths (ppm).
Metasediments Felsic Melts Mafic Melts Cumulates Restltes/Cumulates
83-157 85-101 83-160 83-162 85-100 85-108 85-120 83-158 85-106 83-159 85-107 85-114
Cs ___ 0.01 ___ 0.48 0.03 0.03 0.03 0.02 0.01 0.06 0.04 0.02
Rb 3.001 0.90 912 1342 1.00 0.60 1.00 0.60 030 1.87 1.40 1.85
Ba 445 361 585 1580 143 72 152 27 12 60 152 80
Sr 276 164 205 205 154 145 345 98 174 225 272 126
Pb 83 43 5.1 8.1 33 3.1 5.6 0.8 0.6 13 3.5 1.9
K/Rb 968 3597 142 263 1328 2214 1577 1384 2767 977 1600 628
K/Cs — 324,000 — 73300 44300 44300 52,600 41300 83,000 30,400 58,100 58,100
Isotope dilution value, 2XRF value
Table 10. Ferromagnesian trace element contents o f Hill 32 xenoliths (ppm).
Metasediments Felsic Melts Mafic Melts Cumulates Restltes/Cumulates
83-157 85-101 83-160 83-162 85-100 85-108 85-120 83-158 85-106 83-159 85-107 85-114
Cr 94 109 73 50 1026 164 363 445 326 130 7 117
V 221 96 118 96 187 332 105 287 256 294 87 350
Sc 36 19 . . . 23 52 27 52 40 45 26 61
Ni 45 118 97 59 465 79 84 242 195 73 39 71
Co — 26 26 56 40 29 44 42 45 13 39
Cu 51 31 112 16 21 4 5 55 12 54 19 21
Zn 153 — 91 99 — — — — — — — —
Table 11. High-valency cation contents o f Hill 32 xenoliths (ppm).
Metasediments Felsic Melts Mafic Melts Cumulates Restltes/Cumulates
83-157 85-101 83-160 83-162 85-100 85-108 85-120 83-158 85-106 83-159 85-107 85-114
U 0.37 0.15 0.85 037 0.18 0.08 0.04 0.01 0.05 0.09 0.63 0.13
Th 1.14 0.08 3.24 0.98 035 0.86 0.09 0.04 0.23 0.15 0.47 0.35
Th/U 3.08 0.53 3.81 2.65 3.06 10.7 2.25 4.00 4.60 1.67 0.75 2.69
Hf 9.09 1.78 5.75 6.54 3.19 131 2.15 1.11 2.11 7.21 33.9 230
Zr 381 77 199 206 107 44 63 45 65 348 1608 93
Zr/Hf 42 43 35 31 34 34 29 41 31 48 47 37
Sn 1.7 1.0 2.8 23 1.6 0.8 2.0 13 2.2 2.6 7.6 1.2
Mo 1.5 0.8 1.9 0.9 0.5 0.7 0.4 0.4 0.4 1.0 0.8 1.1
Nb 6.6 20 8.1 16 8.9 4.4 14 1.4 3.4 15 21 35
La/Nb 5.0 03 2.8 1.8 1.7 2.6 0.7 1.9 1.2 1.0 0.6 0.1
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Table 12. Average composition of McBride xenoliths and lower crustal estimates
Mean Int.
Felsic
Si02 60.37
TiOo 0.88
17.42
8.59
MnO 0.24
MgO 4.33
CaO 3.62
Na? 0 2.24
k 26 1.64
Sc 28
V 133
Cr 82
Co 26
Ni 80
Cu 53
Rb 57
Sr 213
Y 46
Zr 216
Nb 13
Mo 1.3
Sn 2.0
Cs 0.25
Ba 743
La 24
Ce 45
Pr 4.95
Nd 20
Sm 5.33
Eu 1.41
Gd 6.2
Tb 1.29
Dy 8.14
Ho 1.85
Er 5.34
Yb 5.54
Hf 5.79
W 0.72
Pb 6.5
Th 1.4
U 0.4
Mean Mafic Weighted 
Average
47.93 50.29
1.46 1.35
16.46 16.64
12.95 12.13
0.22 0.22
8.84 7.98
10.27 9.01
1.45 1.60
0.17 0.45
41 33
237 217
322 276
39 31
156 141
24 29
1.1 11.8
193 196
24 28
297(109) 281(127)
13 13
0.7 0.8
2.4 2.3
0.03 0.07
87 212
9.6 12.3
24 28
3.3 3.6
15 16
3.84 4.1
1.35 1.36
3.86 4.31
0.67 0.79
4.33 5.05
0.95 1.12
2.76 3.25
2.64 3.19
6.69(2.81) 6.51(3.32)
0.46 0.51
2.5 3.3
0.34 0.54
0.15 0.21
T and M WandT
(1985) (1984)
54.4 59.2
1.0 0.9
16.1 17.2
10.6 6.1
0.2 0.1
6.3 3.4
8.5 5.9
2.8 4.0
0.34 2.4
36 —
285 —
235 45
35 —
135 27
90 —
5.3 66
230 601
19 15
70 181
6 10
0.8 —
1.5 —
0.1 —
150 605
11 29
23 61
2.8 —
12.7 23
3.17 4.9
1.17 1.29
3.13 —
0.59 0.65
3.60 —
0.77 —
2.20 —
2.20 1.50
2.10 5.80
0.70 —
4.0 12
1.06 6.0
0.28 1.25
— indicates value not reported; T and M refers to Taylor and McLennan 
(1985); W and T refers to Weaver and Tamey (1984). Zr and Hf numbers 
in () are means excluding sample 85-107, which has extreme concentrations 
of these elements.
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Abstract
Ion microprobe U-Th-Pb analyses of zircons from granulite-facies 
lower crustal xenoliths from north Queensland, Australia, correlate well 
with the ages of major orogenic episodes manifest at the earth's surface. 
About 50 percent of the xenoliths contain Proterozoic zircons which are 
similar in age to the timing of high-grade metamorphism of the older 
surface rocks. All the xenoliths contain Paleozoic zircons whose ages 
probably reflect granulite-facies metamorphism of the crust in the late 
Paleozoic, when voluminous felsic ash-flows and high-level intrusions 
were emplaced into the upper crust. Mineral and melt inclusions in the 
zircons provide clues to the origin of some of the xenoliths, and coupled 
with the age information, can be used to define the geological processes 
operating in the lower crust. The zircons from two mafic xenoliths 
contain felsic and intermediate melt inclusions implying at least a
I
two-stage history for these rocks, involving either partial melting of a 
more felsic protolith or crystal accumulation from an evolved melt. 
Some of the zircons from the felsic xenoliths contain CC^-rich fluid 
inclusions, indicating that those zircons grew during high-grade 
metamorphism. The isotopic and chemical data show that this segment 
of the lower crust is a heterogeneous mixture of supracrustal and mafic, 
mantle-derived, lithologies. The major orogenic event responsible for 
the formation of this crust occurred in the late Paleozoic, when 
Proterozoic supracrustal rocks were emplaced into the lower crust, 
possibly along thin-skinned thrust slices. This was accompanied by 
intrusion of high temperature, mantle-derived melts which caused partial 
melting of pre-existing crust. The most likely setting for such tectonism 
is a continental subduction zone.
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Introduction
The study of lower crustal xenoliths provides some of the tightest constraints on 
theories of lower crustal composition and growth. The chemical and mineralogical 
composition of the xenoliths can be used to infer how, but not when, the lower crust 
formed. Age measurements are crucial to developing crustal growth models, but dating 
xenoliths is difficult for several reasons. First, in order to use whole rock Rb-Sr or 
Sm-Nd methods to determine the age of a suite of xenoliths, the latter must first be 
shown to be cogenetic. This is rarely possible. Furthermore, if the magma giving rise 
to a cogenetic suite of xenoliths has variably assimilated country rock, the interpretation 
of isochrons can be complicated by mixing trends (e.g., [1]). Secondly, while minerals 
can provide the metamorphic age of xenoliths [2], often that age is identical to the age of 
the host volcanics [3; McCulloch, pers. com.], suggesting that xenoliths commonly 
never cool to, or are reheated above, mineral Rb-Sr and Sm-Nd blocking temperatures 
prior to eruption. Determining mineral isochrons may not be possible for samples in 
which texturally complex intergrowths make pure mineral separates difficult to obtain 
(e.g., Chudleigh province xenoliths [4, 5]). Thirdly, although U-Pb dating of zircon 
can yield important information on initial crystallization and metamorphic ages of 
xenoliths, [6, 7], the mafic compositions of many lower crustal xenoliths [8, 9] and 
their generally small size make obtaining sufficient zircon for conventional U-Pb 
analyses very difficult. Even single crystal analyses are only averages of the several 
zircon generations that can be present in any one grain [10].
The U-Pb zircon ages of a suite of lower crustal xenoliths from north Queensland, 
Australia, have been determined using the SHRIMP ion microprobe at the Research 
School of Earth Sciences, ANU. Xenoliths of the type described here can only 
satisfactorily be studied by ion microprobe, given their small size, low zircon content 
and the presence of multiple zircon populations within each rock.
Samples
The seven xenoliths investigated come from a single, late Cenozoic (< 5 Ma) 
basaltic cinder cone (Hill 32) in the McBride volcanic province [11]. Details of the 
petrography and chemistry of the xenoliths are given in a separate paper [12] and are
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only summarized here. All xenoliths have high pressure mineralogies (all are garnet 
bearing except for the mafic two-pyroxene granulites). The presence of decompression 
features (i.e., glass along grain boundaries and kelyphitic rims on garnets) suggests 
these xenoliths are samples of the present-day lower crust and not samples of near 
surface high-grade metamorphic rocks from the Georgetown Inlier. The mineralogy of, 
and preferred petrogenetic model for each xenolith as determined from its chemical 
composition are listed in Table 1. Whole rock Zr concentrations, indicative of the 
relative amounts of zircon in each sample, are also listed. The xenoliths range from 
felsic to mafic metaigneous rocks and include possible restitic material and a 
metasediment. All have granulite-facies mineralogies.
Analytical Techniques and Data Reduction Methods
All samples were coarsely crushed in a steel jaw crusher, screened, and material 
less than 200 jam was discarded in order to eliminate possible inter-sample 
cross-contamination. The remaining sample was then finely crushed in a tungsten 
carbide swing mill. The powder was washed in water to remove the fines, then the 
zircons were concentrated using standard heavy liquid and magnetic separation 
techniques. The final split was handpicked and the zircons mounted in epoxy and 
polished to expose their centers.
U-Th-Pb measurements were made on 20-30 |um diameter regions of single 
zircons using the SHRIMP ion microprobe [13, 14]. SHRIMP was operated at a mass 
resolution of about 6500 in order to eliminate all significant isobaric interferences. Pb 
isotopic compositions were determined directly, with no correction for the small amount 
of mass dependent mass fractionation (2.5 per mil per mass unit) that may occur during 
sputtering and ion extraction [14]. Pb/U ratios were determined relative to a reference 
Sri Lankan zircon (SL3) using an empirical quadratic relationship between Pb+/U+ and 
UO+/U+ established from multiple analyses of this standard.
Corrections for common Pb were made either from the measured 204Pb/206Pb ratio 
(designated with a "1" in Table 2) or 208Pb/206Pb and Th/U ratios (designated with a 
"2" in Table 2). The latter method was preferred because of its higher precision, but the
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former was used in cases where changes in 208Pb/206Pb ratio or Th/U ratio were 
known or suspected to have occurred other than by radioactive decay.
Analytical uncertainties in the determination of the Pb isotopic compositions were 
dominated by counting statistics. The uncertainties in Pb/U ratios are much higher and 
dominated by uncertainty in the quadratic calibration curve for each analytical session; 
on average Pb/U was determined to a precision of about 2% (la) per data set. The 
precise value of this uncertainty was calculated from analyses of the standard for each 
analytical session and added to the counting and common Pb correction uncertainties in 
the analysis each sample. Unless stated otherwise, uncertainties in the ages quoted in 
this paper are 95% confidence limits. Regression analyses were made using the 
coordinate system 207pb/206pb_238u/206pb ^  minimize the effects of correlated 
errors [15], and the 95% confidence limits for intercept ages so determined are given as 
t sigma. The decay constants used here are those recommended by the IUGS 
Subcommision on Geochronology [16].
The zircon analyses were made over a 10 month period. About one third of this 
work was done soon after modifications to SHRIMP'S ion counting system (to permit 
multiple collection of titanium isotopes) and corrections for scattered ions, at times as 
high as 15 counts/second, were required. The remaining analyses were made after the 
problem of scattering had been overcome, and included a large number of duplicate runs 
on areas studied previously. Through a comparison of the duplicates it was determined 
that the first correction for scattered ions, which had assumed a constant flux of 
scattered ions, independent of the mass analyzed, had been incorrect. The flux of 
scattered ions at mass 207 was in fact higher than at mass 206, in direct proportion to 
the 196 (Zr20) count rate, leading to a consistent overestimation of the 207Pb/206Pb 
ratio. The effect of the overestimation was most serious for zircons with low radiogenic 
2®7Pb contents (young, low-U zircons), but could be corrected out by a simple 
procedure outlined in Appendix A. Data so corrected have been labeled with italics in 
Table 2.
Chemical compositions of mineral and melt inclusions in the zircons were 
measured using a wavelength dispersive Cameca electron probe. Mineral inclusions
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were analyzed using a 15 nA beam current and focused beam; melt inclusions were 
analyzed with a 10 nA beam current and rastered beam in order to minimize alkali 
volatilization. Because zircon fluoresces strongly under electron bombardment, it was 
possible to determine precisely when the beam was hitting the inclusion, even when 
they were extremely small.
Zircon Characteristics and U-Pb Results
The zircon U-Th-Pb analyses are listed in Table 2. The zircon morphologies and 
the types of inclusions they contain are clues to the igneous and metamorphic histories 
of their immediate host rocks and help in interpreting the isotopic ages. None of the 
zircons are optically zoned or strongly colored, probably because of the annealing of 
their structures during the granulite-grade metamorphism and subsequent residence in a 
warm, lower crustal environment. The zircons from several samples show cleavage 
traces or partings which may be a response to rapid decompression during eruption. 
Similar partings have been noted in some kimberlite zircons by Kreston et al. [17].
83-162 Meta-adamellite
The zircons in adamellitic xenolith 83-162 are clear, colorless and generally 
rounded, although some are elongate. The most distinctive feature of about 50% of 
them is the presence of CC^-rich fluid inclusions (Fig. la), which define a concentric 
shell within the crystals, suggesting they were trapped at some late stage during zircon 
growth. CC^-rich fluid inclusions are ubiquitous in a variety of minerals from high 
pressure granulites [18, 19] thus suggesting that at least the rims of these zircons grew 
during granulite-facies metamorphism. Quartz, K-feldspar and rutile inclusions occur in 
some zircons, and acicular apatite has been observed in the core of one zircon.
Th/U ratios of these zircons range widely, from 0.06 to 6.4, but most are near 1.0 
(Fig. 2a); thus zircons from this sample have the highest average Th/U ratio of the 
suite. There is also a range in Th and U concentrations (Table 2), but no correlation 
between Th and U concentrations and Th/U ratio. Zircons from granites (sensu lato) 
generally have Th/U ratios between 0.1 and 1.0, with an average of 0.5 and a mode of 
0.3 (from 72 analyses, [20]). Although it could be argued that the very high Th/U
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ratios in the zircons from 83-162 reflect U depletion due to metamorphism, this is not 
supported by the fact that the Th/U ratios of the rims of the fluid inclusion-bearing 
zircons are distinctly lower than those of their cores (Fig. 2a).
The 206Pb/228U ages range from 200 to 370 Ma, with nearly all zircons plotting 
within error of concordia (Fig. 3a). In these, and the other Paleozoic zircons from the 
other xenoliths, the 206Pb/238U age is a much more precise, and probably more 
accurate, indicator of closure age than the 207Pb/206Pb age. This is because the 
measurements of the extremely small amounts of radiogenic 207Pb in the young, low-U 
zircons are subject to large uncertainties due to counting statistics and uncertainties in 
common Pb correction. Radiogenic 206Pb, being a factor of 20 times more abundant, is 
much more precisely determined. There is no correlation between age and Th and U 
content or Th/U ratio. The cores and rims of three zircons containing CC^.rich fluid 
inclusions either have identical ages (within 2 sigma uncertainty)(grains 13 and 14) or 
slightly older cores (grain 16). The zircon with the highest measured z06Pb/238U age 
(#4, 365±7 Ma) is elongate, rather than round, and lacks CC^-rich fluid inclusions. The 
zircon with the youngest 206Pb/238U age (#11, 198±8 Ma) is necked, with abundant 
CC^-rich fluid inclusions. It is likely that the zircons' isotopic compositions 
predominately reflect high-grade metamorphism in the late Paleozoic-early Mesozoic. 
The significant range in 206Pb/238U ages in the cluster between -300 and -200 Ma may 
result from the varied response of >300 Ma zircons to a -230 Ma metamorphism or 
from slow cooling after an earlier peak metamorphism. It is not possible to date the 
original adamellitic melt precisely; it could be >365 Ma (from grain 4), or it may be 
-300 Ma, with grain 4 being a xenocryst.
83-160 Metagranodiorite
Granodioritic xenolith 83-160 contains clear, strongly rounded zircons, very 
commonly with parallel cleavage traces or partings (Fig. lb). CC^-rich fluid inclusions 
occur near the outer rims in many of the grains, although they are not as abundant as in 
zircons from 83-162. Elongate apatite and cubic Fe-sulfide inclusions also occur.
Th and U concentrations vary by an order of magnitude, but Th/U ratios cluster 
around 0.7 (a = 0.26)(Fig. 2b, Table 2). There is no correlation between Th and U
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concentrations and Th/U ratios.
All but one zircon have 206Pb/238U ages between 190 and 350 Ma and nearly all 
lie on concordia (Fig. 3b). One zircon (grain 12), which may be an inherited crystal, is 
-2200 Ma old. Within the young zircons there is a rough negative correlation between 
206pb/2j8u ages and Th/U ratios, suggesting that as the zircons lost Pb during 
metamorphism their Th/U ratios increased. The isotopic data suggest the same history 
for this sample as for meta-adamellite 83-162, except that the oldest xenocryst is -2200 
Ma rather than -360 Ma old.
85-107 Mafic Cumulate
Mafic xenolith 85-107 contains abundant zircon (this sample has 1600 ppm Zr, 
Table 1) and probably formed as a cumulate from a felsic melt [12]. Zircons in this 
sample fall into two morphological groups: (1) round, clear zircons and (2) large, 
elongate, inclusion-rich light brown zircons. The elongate zircons are far more 
abundant than the round zircons and, in some cases, the elongate zircons are necked in 
the middle, suggesting breakdown to form the rounded type. Many of the elongate 
zircons are riddled with small (generally < 6 jim) oval inclusions with immobile vapor 
bubbles at their edges (Fig. Id). When they intersect the surface, the vapor bubble is 
empty and the surrounding material appears homogeneous in reflected light. 
Electronprobe analyses were obtained on some of the larger of these inclusions (> 10 
jim) and are presented in Table 3. The analyses are relatively homogeneous and have 
the composition of a felsic melt. This homogeneity is consistent with the absence of 
visible daughter crystals in the inclusions, and suggests these inclusions represent 
relatively unmodified trapped melts. Acicular apatite, clinopyroxene, magnetite, 
ilmenite and pyrrhotite also occur within these zircons. Several features of the 
inclusions within zircons are suggested to be indicative of rapid cooling (i.e., acicular 
apatite [21] and the absence of daughter crystals in the melt inclusions [19, Ch. 16]).
Th and U concentrations vary by an order of magnitude (Table 2) and do not 
correlate with zircon morphology. Th/U ratios are all less than 1.0 (Fig. 2c); Th/U 
ratios for the round zircons are highly variable but those for the elongate zircons cluster 
around 0.46 (± 0.15, 1 sigma).
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All zircon analyses fall within 2 sigma of concordia and have 206Pb/238U ages 
between 240 to 340 Ma (Fig. 3c). Zircon ages do not correlate with morphology nor 
with Th/U ratio. The lack of an age difference between the two zircon morphologies, 
plus the textural evidence of zircon breakdown (i.e., pinched grains) suggests that the 
round zircons may have formed simply by breakdown of the elongate grains, rather 
than as a second zircon generation. The range of 2®^Pb/2^8U ages can thus be attributed 
to Pb loss rather than recrystallization or zircon growth.
The presence of felsic melt inclusions within the zircons requires a multistage 
history for this mafic xenolith. The abundance of zircons suggests they are not 
xenocrystic. Rather it is more likely that the zircons crystallized from a felsic melt and 
either accumulated during fractional crystallization of this melt or were left behind in the 
mafic reside after partial melting of the original felsic rock. The relatively short time 
interval between original igneous crystallization (340 Ma) and metamorphism (not later 
than 240 Ma ago) would favor a cumulate origin for this rock. The rapid cooling 
features in the zircon inclusions may have been produced in the deep crust, through 
localized quenching of a melt. The zircons became closed to Pb loss by ca. 240 Ma 
ago.
83-157 Metapelite
Zircons in metapelitic xenolith 83-157 also fall into two morphological categories: 
(1) clear, rounded zircons and (2) pale yellow, elongate zircons (Fig. lc). The elongate 
zircons make up about one quarter of the zircon population. Inclusions are not abundant 
in either type of zircon, but elongate apatite is present in the elongate zircons and 
Fe-sulfide and rutile were observed in the round zircons.
The Th and U contents and Th/U ratios correlate with zircon morphology; the 
round zircons have low overall Th and U concentrations and high Th/U ratios, whereas 
the elongate zircons have higher Th and U concentrations and lower Th/U ratios (Fig. 
2d).
Analyses of the round zircons are all within 2 sigma of concordia at 250 ± 20 Ma. 
The elongate zircons fall into two age groups: (1) all but one define a cord between 
1570 H-100/-115 Ma and 225 +94/-77 Ma (MSWD = 2) and (2) one zircon has a 2060
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Ma concordant core, an interior zone showing -50% Pb loss, probably at 240 Ma, and 
an outer rim which is nearly concordant at 1580 Ma (Fig. 3d). This zircon appears to 
be an inherited grain which crystallized at -2060 Ma, was overgrown at 1580 and lost 
Pb at 240 Ma. Interestingly, none of these chronologically unique regions are optically 
distinguishable.
Several analyses from this sample (grains 3, 7, 16 and 20) plot above the 
concordia. This feature, which is rare in conventional zircon analyses, is occasionally 
seen in ion probe analyses because of the ability of the ion probe to detect very small 
scale varition in Pb/U and Pb/Th ratios within crystals [22]. Reverse discordance is 
caused either by Pb gain relative to U and Th, or U and/or Th loss relative to Pb. In 
one of the zircons analyzed here (zircon 3) a correlation between Pb ppm and Pb/U and 
Pb/Th ratios is observed, suggesting that Pb gain has occurred. The remaining analyses 
show no such correlation, but all have excesses of Pb relative to Th as well as to U, 
aiso suggesting Pb gain. The fact that all of the reversely discordant analyses fall along 
discordance lines defined by the normally discordant analyses shows that the movement 
of Pb (and possibly U and Th) within the zircons occurred at the time of the high-grade 
metamorphism.
Elongate zircons like the ones found in this sample may form by crystallization 
from a magma or during regional metamorphism. If these elongate zircons crystallized 
from a melt, then the sedimentary protolith of this xenolith must have formed after 1580 
Ma, but prior to 250 Ma when it underwent high-grade metamorphism. Alternatively, if 
the elongate zircons are metamorphic, then the sediment must have formed prior to 1580 
Ma and undergone two metamorphic events: the first at 1580 Ma and the second at 250 
Ma. If such is the case, the core from zircon 2 would have to be the only surviving 
zircon from that sediment.
85-100 Metagabbro
Zircons in mafic xenolith 85-100 are round to elongate and clear. Many show 
parallel cleavage traces or partings. Inclusions are uncommon, but elongate apatite and 
rutile were observed.
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Th and U concentrations as well as Th/U ratios are highly variable, but Th/U ratios 
peak at 1.1 to 1.2 (excluding the multiple analyses of grain l)(Table 2, Fig. 2e). There 
is no correlation between Th/U ratio and concentrations.
206pb/238u ages range from 250 Ma to 1140 Ma (Fig. 2e). The older zircons have 
elongate morphologies, but not ail elongate zircons are old. There is no correlation 
between Th/U ratio and age. Of the 13 zircons analyzed, 8 fall on, or near, concordia 
between 250 and 400 Ma, the other 5 fall within 2 sigma of concordia and yield 
206pb/238u ages between 490 and 1140 Ma (Fig. 2e). An age from an 780 Ma 
zircon's rim (#10) is 370 Ma, suggesting either Pb loss or rim growth at this time.
The considerable age range for the zircons, coupled with their highly variable Th/U 
ratios and Th and U concentrations suggest that these zircons are xenocrystic. This is 
consistent with the bulk rock chemistry of 85-100, which is similar to that of an 
oversaturated basaltic melt [12] in which zircon is not a stable phase for normal Zr 
concentrations [23]. The clustering of zircon ages between 400 and 250 Ma may 
represent metamorphic zircon growth, starting at 400 Ma, with either a Pb loss event at 
250 Ma, or continuous Pb loss until 250 Ma.
85-120 Metagabbro
Zircons in mafic xenolith 85-120 are relatively scarce (there is only 63 ppm Zr in 
the whole rock, Table 1). These zircons are colorless and generally round. Cleavage 
traces occur in several zircons; mineral inclusions were not observed.
Th and U concentrations as well as Th/U ratios in these zircons are highly variable 
(for example U ranges from 20 to 1500 ppm, Table 2), with no obvious peak in Th/U 
ratios (Fig. 2f). Many of these zircons have very low U abundances (<20 ppm), which 
coupled with their relatively young age, make precise analyses very difficult to obtain 
(note several zircons with 1 ppm radiogenic Pb in Table 2). Several of these zircons 
were analyzed in order to ensure that they do not represent a chronologically distinct 
population and the remainder were avoided. Therefore, the U contents listed in Table 2 
represent the higher values for the population.
206pb/238u ages range from 215 to 340 Ma and nearly all zircons are concordant 
(Fig.3f). There is no correlation between Th/U ratio and age.
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The bulk composition of this xenolith is also similar to an oversaturated basaltic 
melt [12], therefore, these zircons are either xenocrystic or grew during metamorphism. 
If they are xenocrysts, the age of this rock may correspond to the age of Pb loss (ca. 
250 Ma), which may have been caused by incorporation of the zircons into a basaltic 
magma. Alternatively, if the zircons grew as a metamorphic phase within the rock, the
rock must have crystallized prior to 350 Ma with zircon growth beginning at 350 Ma, 
and Pb loss or continued zircon growth at or until 250 Ma.
83-159 Mafic Restite
Zircons in mafic xenolith 83-159 are comparatively large (up to 300 jam), clear and 
many contain prominent cleavage traces, which are oriented parallel to the c-axis (Fig. 
le). Inclusions of acicular and tabular apatite, sulfides, pargasitic amphibole and melt 
(characterized by an ovoid shape and immobile, irregular vapor bubble) are present in 
the centers of some zircons. The melt inclusions are often associated with apatite 
crystals, suggesting the apatites may have acted as a trapping mechanism for the melts 
[19, Ch. 2). Under high magnification (i.e., -800 x) euhedral daughter crystals of 
amphibole and sulfide are visible within the melt inclusions, showing that partial to total 
recrystallization has occurred (cf.,[ 19]). Electron probe analyses of the daughter 
crystals and matrix material for several of these inclusions are given in Table 3. 
Reintegration of the melt inclusion compositions using probe analyses and optical 
estimates of relative proportions yields an intermediate composition; this can be 
considered a very rough estimate of the melt composition from which the zircon 
crystallized. CC^-rich fluid inclusions were observed in two zircons. These fluid 
inclusions occur within planes that cross-cut crystal growth boundaries (Fig. le), 
implying they were trapped after initial crystallization.
The range of Th and U concentrations and Th/U ratios in these zircons are the most 
uniform in the suite (Table 2). Th/U ratios are all significantly less than 1.0, with a 
peak at 0.3 (Table 2; Fig. 2g). In contrast to this overall uniformity, Pb concentrations 
were observed to vary dramatically within single grains, even within a given analysis 
(as witnessed by the variable size of the 206Pb peak on the chart recorder). Thus, Pb
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concentrations in these zircons are highly variable on a submicron scale.
206pb/238u ages range from 175 to 1590 Ma (excluding the reverse discordant 
analyses). Regression of the older zircon data (206Pb/2j8U > 0.060, n = 20) yields a 
chord with an upper intercept of 1520 +150/-190 Ma and a lower intercept of 260 
+140/-100 Ma (MSWD = 2.8, Fig. 3g). The scatter of the younger zircons along 
concordia between 200 and -350 Ma is similar to that observed in the previously 
described samples. It is likely that the cause of the scatter in the younger zircons (either 
slow cooling after a 350 Ma metamorphism or a second metamorphism at -200 Ma) 
also contributed to the scatter in the older zircons, resulting in a rather high MSWD for 
the regression. Th/U ratios do not correlate with age, but multiple spot analyses within 
single crystals show a negative correlation between Th/U and 206pb/238jj age? 
suggesting that Pb loss was accompanied by preferential U loss during metamorphism. 
In several instances the ion beam intersected cleavage traces in the zircons (denoted with 
an § in Table 2). These analyses yield some of the youngest 206p-D/2 j8 u  ages, 
suggesting that recent Pb loss may have occurred in the vicinity of these fractures.
The zircons in this sample originally crystallized around 1520 Ma ago in an 
intermediate to felsic melt. During the late Paleozoic this rock underwent high-grade 
metamorphism, accompanied by extraction of a partial melt leaving a mafic residue. 
This event was accompanied by severe Pb loss in the zircons. Recent Pb loss was 
facilitated by the presence of cleavage fractures, which may have formed as a result of 
decompression during rapid ascent of the xenolith in the pipe.
Discussion
Lower Crustal History
The inclusion and geochronologic data presented above can be correlated with the 
regional geology to produce a model of how and when the lower crust formed. The 
major orogenic events within the Georgetown Inlier were delineated by Black et al. [24] 
and Black [25] through Rb-Sr geochronology. These are: (1) amphibolite facies 
metamorphism, characterized by tight isoclinal folding and granite intrusion, at 
1570±20 Ma. (2) Intrusion of granites in the southeastern Georgetown Inlier at 400 Ma, 
accompanied by retrogression in the eastern portion of the Georgetown metamorphics
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(from Rb-Sr biotite ages). (3) Eruption of extensive calc-alkaiine felsic volcanics and 
intrusion of high-level granites between 320 and 270 Ma throughout the eastern 
Georgetown Inlier.
The ages derived from zircon geochronology of the xenoliths correlate well with 
these events. The 320 to 270 Ma granite- and felsic volcanic-forming orogeny was 
manifested in the lower crust by partial melting and regional high-grade metamorphism. 
Many of the xenoliths appear to have formed during this event, but several may have 
formed during the Proterozoic and have undergone granulite facies metamorphism at 
this time.
Four out of the seven xenoliths appear to have formed during the late Paleozoic 
event. The two felsic xenoliths, 83-162 and 83-160, formed by partial melting of the 
deep crust (some of which may have been Proterozoic, as evidenced by the one 
inherited zircon) and did not move far from their sources. Likewise, the mafic xenolith 
which formed as a cumulate from a felsic magma (85-107) crystallized during this 
event. It is likely that all these samples formed and remained in the lower crust, since 
the preservation of 300 Ma felsic ash-flows near Hill 32 precludes substantial 
post-Paleozoic uplift. A second mafic xenolith with a basaltic melt composition 
(85-120) may represent a mantle-derived melt which intruded the lower crust during this 
orogeny, thus suggesting a mantle heat source.
The mafic restitic xenolith, 83-159, originally crystallized in the Proterozoic, but 
underwent high-grade metamorphism, which was accompanied by partial melt 
extraction in the late Paleozoic. The Proterozoic protolith for this mafic xenolith was an 
intermediate composition igneous rock, as evidenced by the recrystallized melt 
inclusions in the cores of the zircons.
Similarly, metasedimentary xenolith 83-157 originally formed during the 
Proterozoic, but underwent high-pressure granulite-facies metamorphism 250 Ma ago. 
Because earlier metamorphic events are not recorded in the zircons, it seems likely that 
this age marks the time at which the rock was transported into the lower crust. Because 
little erosion has occurred in this area since the late Paleozoic, this implies the 
mechanism responsible for bringing this supracrustal rock into the lower crust did not 
involve appreciable crustal thickening.
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Only one mafic xenolith, 85-100, potentially records the 400 Ma granite-forming 
event. This mafic xenolith contains xenocrystic zircons, but most zircons have ages 
between 400 and 250 Ma, suggesting that this rock, which has a basaltic composition, 
may have intruded the lower crust at 400 Ma and was later metamorphosed in the late 
Paleozoic.
Pb loss patterns
All of the xenoliths investigated in this study record a late Paleozoic/early Mesozoic 
event and in all but one sample (83-157) the young zircons yield a range of concordant 
ages between 350 to 200 Ma. The 100 Ma spread in ages of the young zircons may 
have been produced in three possible ways, all of which entail either metamorphism or 
initial crystallization at 350 Ma followed by: (1) a metamorphic event at 200 Ma which 
caused partial to complete Pb loss accompanied by new zircon growth (2) slow cooling 
accompanied by diffusional Pb loss until 200 Ma at which time the zircons passed 
below the Pb blocking temperature or (3) recent Pb loss (i.e., 0 Ma) due to either 
heating during entrainment of the xenolith in the basaltic host or exposure and 
weathering at the earth's surface.
If the age spread is the result of recent Pb Toss (#3) it is peculiar that none of the 
zircons have lost more than 50% Pb, so that none fall below about 200 Ma on the 
concordia diagram. In addition the length of time the xenoliths are carried by the 
basaltic magma (9-18 hours, calculated after Spera, [26]; based upon the fact that the 
host basalt also carries dense peridotite xenoliths) is too short to allow significant 
diffusion of Pb out of zircon, even if the xenoliths were heated to 1200°C. Pb loss in 
zircons is suggested to be associated with structural damage due to the radioactive decay 
of U; damaged zones generally appear as darker, metamict regions within the zircons 
which are readily etched by HF acid [27]. None of the zircons examined here show 
deep coloration and attempts to etch heterogeneous zircons have failed (a polished 
mount was placed over hot concentrated HF for several minutes). These observations 
suggest that these zircons have little radiation-induced structural damage, possibly due 
to annealing at the high ambient temperatures in the lower crustal environment, and have 
therefore not suffered recent Pb loss.
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It also seems unlikely that the age spread can be attributed to a second metamorphic 
event at 200 Ma (#1, above) since there is no surface manifestation of it, such as 
igneous activity or tectonic uplift and erosion. Therefore, the 100 Ma spread in age for 
the young zircons is attributed to slow cooling in a lower crustal environment following 
the 350-300 Ma event. Such a cooling time scale is entirely consistent with that 
predicted for magmadcally heated orogenic belts which have undergone little erosion 
[28].
The Nature of the late Paleozoic Orogeny
Inferences about the nature of the late Paleozoic orogeny can be gleaned from the 
above geochronologic data. Firstly, it is obvious that intense heating of the lower crust 
occurred during the late Paleozoic event. The source of the heat is most likely 
mande-derived basaltic melts, such as two-pyroxene granulite 85-120, and possibly 
other zircon-free mafic xenoliths (these are described in Rudnick and Taylor [12]). This 
intense thermal input resulted in crustal melting and the formation of felsic rocks, some 
of which remained at deep levels (83-160 and 83-162) and others of which rose to high 
levels in the crust. Secondly, little uplift accompanied the late Paleozoic orogeny, since 
late Paleozoic felsic ash-flows are well preserved at the surface, and the xenoliths 
exhibit neither textures nor mineral reactions indicative of uplift (Table 1 and [12]). 
Despite the lack of significant uplift, at least some thrusting occurred during the orogeny 
since a demonstrably supracrustal rock (metasediment 83-157) was apparently brought 
to granulite-facies conditions at this time.
The above features are consistent with a continental arc setting, where basalts are 
produced above a subducting slab and intruded into the continental crust, causing 
high-grade metamorphism and partial melting [28]. Such a setting has been suggested 
for the late Paleozoic of north Queensland based upon the chemistry of the eruptive 
rocks and regional structures [29, 30].
Conclusions
The major conclusions from this study are as follows:
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1) Ion probe analyses of zircons from xenoliths can provide precise geochronologic 
constraints on crystallization and metamorphic ages of these rocks, where other isotopic 
systems fail for a variety of reasons.
2) Mineral, fluid and melt inclusions within zircons provide important constraints on the 
orign of the zircon and the petrogenesis of the host rock. In particular, felsic to 
intermediate melt inclusions in zircons from mafic rocks necessitate a two stage history 
for these samples.
3) The U-Pb zircon ages for the McBride province lower crustal xenoliths correlate well 
with the surface geology, illustrating that lower crustal formation and modification is 
often manifested at the earth's surface.
4) All of the xenoliths record a major tectonothermal event at ca. 300 Ma which was 
accompanied by partial melting, crystal fractionation and granulite facies metamorphism 
of all the rocks. These rocks then experienced variable degrees of Pb loss for a period 
of about 100 Ma as they cooled in the deep crust.
5) The late Paleozoic metamorphic ages, coupled with the absence of appreciable 
erosion since that time, proves that the xenoliths are not fragments of high-grade rocks 
which were picked up by the basalt near the earth's surface.
6) Several xenoliths record Proterozoic ages illustrating the antiquity of at least part of 
the lower crust in this region.
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Appendix A.
Correction for scattered ions, first analytical session.
Analyses of young zircons performed when SHRIMP was operating at high 
background levels were found to have overestimated the 2^7Pb/206Pb ratio. When 
repeat analyses of these same spots were performed when SHRIMP was operating at 
low background levels, the zircons were shown to be concordant. The overestimation 
of 207Pb/206Pb was directly related to underestimation of the background counts at 
mass 207 and is proportional to the overall beam intensity.
Analyses obtained during high-background operating conditions were corrected in 
the following manner: for zircons with nearly the same 206Pb/238U age, a positive, 
linear correlation exists between the radiogenic 207Pb/206Pb ratio and the reciprocal of 
radiogenic 206Pb counts/second (a measure of the amount of total radiogenic Pb in the 
sample), i.e. the lower the Pb content, the larger the apparent age of the zircon (Fig. 4). 
Such a relationship reflects the addition of a constant count ratio (C) to the Pb peaks. As 
207Pb is the smallest of the Pb peaks in these young zircons, it is the only peak 
significantly affected by this constant. The slope of the line in Fig. 4 is equal to C, 
which is in units of counts/second; the intercept is equal to the true 207Pb/206Pb ratio of 
the zircons (around 0.054). The constant can then be subtracted from the 207Pb 
counts/second to obtain the corrected 207Pb count rate. C varies from sample to sample 
depending upon beam intensity; the higher the beam intensity (as reflected in the counts 
of Z^O), the higher C becomes. By dividing C by the average Z ^O  counts/second for 
each analytical session, the effects of beam intensity are overcome (C). For samples 
where all the young zircons are expected to be concordant (83-162 and 85-120), C can 
be determined directly (C  = 2.6*10'4 for 83-162; C  = 1.7*10'4 for 85-120). For 
samples in which some of the zircons are expected to be discordant (i.e., 83-159) an 
average value of C  as determined for other samples was used. All analyses performed 
during high background conditions were corrected in this manner, however, the
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correction only significantly affects the youngest zircons which have the lowest 207Pb
counts. All corrected samples are designated with italicized numbers in Table 2.
Figure Captions
Figure 1. (A) Transmitted light photo of zircons from 83-162 containing CC>9-rich 
fluid inclusions (dark spots). (B) Same as (A) only in reflected light. Note that 
inclusions are empty when they intersect the surface (C) Zircons from 83-160 
showing parallel partings (transmitted light). (D) Zircon from 85-107 which 
contains small, round melt inclusions in center. (E) Relatively large melt inclusions 
in elongate zircon (#19), which were analyzed by electron probe (Table 3). 
Immobile vapor bubble is visible in two inclusions on left (transmitted light). (F) 
Same zircon as in (E) in reflected light, note that vapor bubble within melt inclusion 
is empty. Large depression near center of zircon is ion probe spot. (G) Pinched 
zircon in 85-107. (H) Morpholgical varieties of zircons from 83-157: round and 
elongate. (I) Reflected light photo of a crystallized melt inclusion in zircon from 
83-159: empty vapor bubble at upper left, euhedral amphibole crystals at lower right 
and bright, euhedral sulfide crystal at upper right. Reintegrated composition of this 
inclusion is given in Table 3. (J) Trail of CC^-rich fluid inclusions cross-cutting 
zircon in 83-159. (K) Same as (J) only in reflected light. (K) Parallel partings in 
zircons from 83-159.
Figure 2. Histograms of Th/U ratios in zircons. (A) 83-162, cores and rims are 
defined by the location of CC^-rich fluid inclusions (see Fig. la). Note peak near 
Th/U = 1 . (B) 83-160. (C) 85-107, with two morphological types of zircons 
distinguished. (D) 83-157, with two morphological types of zircons distinguished. 
(E) 85-100. (F) 85-120. (G) 83-159, note low average Th/U ratio for this sample.
Figure 3. Concordia plots for (A) 83-162, (B) 83-160 (inset shows detail at lower 
end; solid boxes are for a single old crystal), (C) 85-107 (shaded boxes are round 
zircons, open boxes are elongate zircons), (D) 83-157 (shaded boxes are separate
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analyses of one old zircon; solid boxes are elongate zircons), (E) 85-100, (F) 
85-120, (G) 83-159.
Figure 4. Inverse of COunts/sec versus the radiogenic -07pb/206pb ratio for
zircons from 83-162. Error bars represent one sigma standard deviation. The slope 
is equal to the excess counts per second at the “^ P b  mass.
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Table 1. Summary of mineralogy and petrogenesis of McBride Xenoliths
Sample
No.
Mineralogy Zr (ppm) Equilibration
Conditions
Petrogenesis
83-162 Q-Kf-Gar
Ap-Zir-Rut-Mt-Il
206 — Felsic igneous rock 
(Adamellite)
83-160 Pc-Q-Opx-Gar-Kf
Cpx-Il-Bio-Mt-Zir
199 750-900°C1,2 
1.0-1.1 GPa3
Felsic igneous rock 
(Granodiorite)
83-157 Pc-Gar-Q-Opx
Bio-Cpx-Rut-Ap-Zir
381 soooc4
0.8-1.0 GPa3
Metapelite
85-107 Gar-Pc-Q-Cpx
n-Zir-Ap
1610 680-760°C2 Mafic cumulate
85-100 Opx-Pc-Cpx
Rut-Bio-Il-Ap-Zir
107 960-1000°C1 Mafic igneous rock 
(Gabbro)
85-120 Pc-Opx-Cpx
Il-Amph-Rut-Zir
63 860-9 l O ^ 1 Mafic igneous rock 
(Gabbro)
83-159 Pc-Gar-Cpx-Amph
n-Mt-Rut-Ap-Zir
348 840-920°C2 Mafic restite
Where Ap = apatite, Amph = amphibole, Bio = biotite, Cpx = clinopyroxene, Gar = garnet.
II = ilmenite, Kf = K-feldspar, Mt = magnetite, Opx = orthopyroxene, Pc = plagioclase, Q = 
quartz. Rut = rutile, Zir = zircon.
1 Wells [31]; 2Ellis and Green [32]; 3Perkins and Newton [33]; ^ Ferry and Spear [34].
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Table 2. Isotopic analyses of zircons from granulite facies McBride Province Xenoliths
Grain- 2°7Pb*/ 206Pb*/ 207Pb*/ m ?b*/ Cone, fnrnn) /(%)» Apparent Age fMai
Spot 206Pb* 235U 232Th U Th Pb* Th/U 206/238 207/206
± 1 ct ± l a  ± 1 a  ± l a  ± l a  ± l a
83- 1622
4-1 0 .0567±54 0.0583112 0.456145 — 102 109 7 1.076 — 365±7 480±200
4- r 0 .0533±64 0.0484110 0356145 — 104 105 6 1.007 5.4 305±5 350±200
4 - 2C 0.0431±61 0.045119 0.268139 — 91 93 5 1.023 1.4 284±6 5±105
4-3 0.0460183 0.044119 0.280152 — 128 141 7 1.100 6.9 278±6 40±300
5-1 0.05561108 0.041219 0316162 — 270 746 19 2.762 2.4 26C±6 440±380
6 - 1 0.0499160 0.042019 0.290136 — 257 305 13 1.188 5.3 265±6 200±260
7-1 0.0559122 0.040018 0309114 — 492 61 19 0.124 2.6 253±5 450±85
7-2 0.0560113 0.0484110 0374112 — 817 212 39 0.260 1.0 305±6 450±50
8-1 0.0454153 0.041818 0.262132 — 247 168 11 0.681 7.83 264±6 301200
9-1 0.0549143 0.043219 0327127 — 225 195 11 0.866 2.64 273±5 4101170
10-1 0.0515141 0.0458118 0326130 — 275 248 14 0.900 4.2 289±11 2651175
11 - 1C 0.0553134 0.0313112 0.238118 — 641 660 24 1.029 3.3 198±8 4301130
11-2 0.0501125 0.0344113 0.238116 — 761 586 29 0.769 1.6 218±8 2001110
12-1 0.13521436 0.0471128 0.87129 — 174 833 19 4.778 103 297±16 22001700
13- 1C 0.0499127 0.036017 0.248115 — 325 286 13 0.881 1.5 228±5 2001120
13-2R 0.0531123 0.038218 0.280114 — 304 37 11 0.123 1.2 242±4 340190
14- 1C 0.0466131 0.037618 0342117 — 237 170 10 0.716 2.5 238±5 601120
14-2R 0.0478120 0.035717 0.235112 — 374 147 13 0392 13 226±5 100190
15-1 0.0407161 0.037418 0310132 ~ 114 122 5 1.067 4.8 237±5 —
16- 1C 0.0516135 0.043719 0310123 — 137 80 6 0383 1.6 276±5 2701150
16- 2R 0.0518114 0.035817 0.25519 616 35 20 0.057 0.7 226±5 280160
17-1 0.0593142 0.043919 0359127 — 286 326 15 1.141 1.2 27716 5801150
18- 11 0.04871160 0.0410111 0.275191 0.013416 59 372 6 6350 5.4 259±7 1401600
19-1 0.0496128 0.040218 0.275117 — 328 355 16 1.083 1.1 254±5 1801130
20- 11 0.03631130 0.036419 0.182166 0.012015 116 490 8 4.224 5.4 231±6 21120
21-1 0.0565146 0.037718 0.293125 — 167 155 7 0.930 1.8 238±5 4701170
22-1 0.0523150 0.037018 0.267127 — 184 257 9 1395 2.5 234±5 3001200
23-1 0.0531116 0.035517 0.260110 — 904 715 36 0.791 0.5 225±4 340165
24-1 0.02851408 0.0371119 0.14121 — 105 495 8 4.704 7.6 235±12 —
83- 1602
1-1 0.0564±11 0.039218 0.30519 — 1654 457 64 0.276 1.4 248±4 470140
i - r 0.0535±24 0.0298118 0.219117 — 580 370 19 0.638 2.2 189±11 3501100
2-1 0 .0500±23 0.042318 0.291115 — 695 427 31 0.615 4.5 2 61  ± 5 1951100
3-1 0 .0476±97 0.041319 0.271156 — 128 42 5 0330 20.7 261±5 901400
4-1 0.0473±63 0.033617 0.219130 — 269 206 10 0.765 11.7 213±5 801320
5-1 0.0553146 0.036517 0.278124 — 386 262 15 0.679 7.7 231±5 4201170
6-1 0.0571140 0.041718 0328125 — 465 422 22 0.907 6.5 263±6 5001150
7-1 0.0540130 0.0567111 0.422126 — 404 141 23 0349 6.9 355±7 3751125
8-1 0.0585161 0.031216 0.252128 — 391 472 15 1.207 103 198±4 5501250
8- r 0.0494147 0.0304118 0.207125 — 292 364 11 1.246 3.2 193±11 1701200
9-1 0.0531156 0.045719 0335136 ■— 263 141 13 0337 11.2 288±6 3401260
10-1 0.0556145 0.040518 0.311126 — 459 381 21 0.831 9.0 256±5 4401190
11-1 0.0559163 0.034817 0.268131 — 308 201 12 0.651 123 220±2 4501270
12- 11 0.1387122 03972181 7.59121 0.1108137 436 266 195 0.612 1.4 2156140 2211125
12-21 0.1389116 0.329120 6.30139 0.0905157 356 234 133 0.656 1.1 1834196 2214121
13-1 0.0589126 0.043119 0.350118 789 693 39 0.878 23 27216 5601100
14-1 0.06231100 0.0330120 0.283151 — 139 236 6 1.691 9.2 209113 6801310
15-1 0.05257120 0.0358122 0.260119 — 590 351 23 0396 0.6 227113 315180
16-1 0.0525140 0.0392124 0.283129 — 157 104 7 0.664 2.8 248114 3101160
17-1 0.0550123 0.0362122 0.275121 494 256 19 0318 2.4 229114 410190
18-1 0.0559140 0.0382123 0.294129 — 300 415 15 1383 1.7 241115 4501150
19-1 0.0532121 0.0406124 0.298123 — 478 313 21 0.655 0.9 257114 340185
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Table 2. Isotopic analyses of zircons from granulite facies McBride Province Xenoliths
Grain- 207Pb*/ 206Pb*/ 207Pb*/ 208Pb*/ Cone, fpnm’) /(%)* Annarent Age (Mal
Spot ^ P b *  235U 232Th U Th Pb* Th/U 206/238 207/206
± l a  t i e r  t i e r  ± 1 a  ± l a  i l a
83-157 Round2
1-1 0.0616±44 0.0389±8 0331+25 231 58 9 0351 10.9 246+5 660+150
4-1 0.0525±131 0.0413±10 0.299+76 94 138 5 1.476 233 261+6 310+480
5-1C 0.0438+222 0.0375±11 0.23+12 — 72 128 4 1.785 30.8 237+7 10+800
5-2 0.0599±119 0.0368±8 0304+61 131 85 5 0.651 233 233+5 600+380
8-1 0.0665+200 0.0373+10 0.34+10 76 132 4 1.746 303 236+6 820+520
10-1 0.0711+181 0.0369+9 0361+93 — 87 103 4 1.178 303 233+6 960+450
13-1 0.0806+310 0.0396+14 0.44+17 — 74 141 4 1.901 383 250+9 1210+680
15-1 0.0831+95 0.0393+8 0.450+53 192 65 8 0339 19.6 248+6 1270+210
83-157 Elongate^
2-1C 0.1272+15 03856+78 6.76+17 0.1466+76 396 65 156 0.165 039 2100+35 2060+20
2-2 0.1200+69 0.1866+40 3.09+20 0.0511+80 164 58 32 0357 2.62 1100+20 1960+100
2-32 0.0975+13 0.2570+52 3.45+9 — 444 65 112 0.147 339 1474+31 1576+24
3-1C 0.0967+10 0.2028+41 2.70+6 0.0534+24 1066 191 213 0.179 0.48 1190+22 1562+18
3-2 0.1020+13 03117+63 4.38+11 0.0971+58 602 91 185 0.151 0.70 1749+31 1661+24
3-3 0.0842+60 0.1397+29 1.62+12 0.0327+72 265 69 36 0.260 334 843+17 1300+130
6-1 0.0901+28 0.1366+28 1.70+7 0.0309+67 650 81 85 0.125 1.43 826+16 1429+58
7-1C 0.0932+42 0.2427+51 3.12+16 0.0691+51 265 126 68 0.472 233 1401+26 1491+84
7-2 0.0986+25 03370+69 4.59+16 0.0983+52 341 134 120 0391 139 1876+34 1598+50
7-3 0.0958+30 03411+70 4.51+18 0.0916+57 366 154 130 0.420 1.61 1892+33 1545+60
9-1 0.0532+81 0.0631+14 0.463+73 0.0161+34 423 145 26 0343 634 394+8 343+310
9-2 0.0534+131 0.0384+10 0.283+70 0.0099+80 449 68 16 0.152 632 243+6 350+472
12-12 0.0940+13 03783+57 3.61+9 — 345 125 99 0362 1.77 1583+30 1508+25
12-2 0.0997+66 0.2076+45 2.85+20 0.0690+89 204 72 44 0350 336 1216+23 1620+110
14-1 0.0895+27 0.1861+38 2.30+9 0.0464+70 644 101 116 0.157 1.65 1100+20 1415+56
16-1 0.0904+44 03772+58 3.45+19 0.0779+66 375 162 108 0.432 2.69 1577+28 1435+90
16-2C2 0.965+13 03726+55 3.63+9 — 507 257 147 0307 1.82 1554+28 1558+23
16-3 0.0968+28 03188+66 4.25+16 0.0967+48 439 202 149 0.459 0.85 1784+33 1562+55
18-12 0.0916+75 0.1363+30 1.72+15 — 148 53 22 0358 038 824+15 1460+150
19-1 0.0728+36 0.0679+14 0.68+4 0.0198+36 714 111 47 0.155 0.03 424+8 1010+100
20-1 0.0984+23 0.2627+53 3.56+12 0.0755+37 286 112 78 0391 036 1504+91 1595+42
20-2 0.0967+16 0.2948+60 3.93+11 0.0891+28 234 109 73 0.467 032 1666+30 1562±30
21-1 0.0922+71 0.1405+30 1.79+15 0.0398+48 167 81 25 0.482 0.67 847+17 1470+140
22-1 0.0878+16 0.1066+21 1.29+4 0.0356+10 1109 594 129 0336 0.22 653+12 1377+33
23-1C 0.0990+17 0.1810+36 347+7 0.0420+22 569 93 103 0.173 0.03 1073+20 1605+32
24-1 0.0936+24 0.1765+36 328+8 0.0522+23 326 148 61 0.452 0.06 1048+20 1501+46
25-1 0.0561+160 0.0425+11 0329+95 0.0122+33 232 110 10 0.473 233 268+7 460+530
85-107 Round2
1-1 0.0547+28 0.0448+7 0338+19 169 36 7 0.211 2.15 283+5 400+110
3-1 0.0603+74 0.0478+8 0.397+50 51 29 3 0366 8.12 301+5 620+245
11-1C 0.0540+23 0.0509+8 0.378+18 351 289 20 0.824 1.44 320+5 370+90
11-2 0.547+45 0.0448+7 0.338+29 94 26 4 0.278 3.81 283+4 400+175
15-1 0.0631+97 0.0482+9 0.4190+66 — 42 25 2 0386 10.7 303+6 710+300
17-1 0.0529+16 0.0384+6 0.280+10 483 32 17 0.066 131 243+4 330+65
85-107 Elongate2
2-1 0.0736+76 0.0415+7 0.422+45 72 40 3 0363 8.98 262+3 1030+200
2-2 0.0738+109 0.0516+9 0.526+79 36 17 2 0.471 11.8 324+6 1040+270
2-2AC 0.0600+55 0.0494+8 0.407+39 156 39 7 0.250 4.79 311+5 600+190
2-3 0.0550+37 0.0392+6 0.297+21 243 72 9 0.295 3.61 248+4 410+140
2-4 0.0466+87 0.0474+8 0305+58 61 22 3 0.365 8.41 299+5 60+360
4-1 0.0566+18 0.0535+9 0.417+15 499 312 29 0.625 0.96 336+5 476+67
5-1C 0.0545+13 0.402+7 0.302+9 831 311 34 0374 0.70 254+4 393+53
5-2 0.0527+15 0.0382+6 0.278+10 735 399 30 0343 0.58 242+4 321+60
6-1 0.0571+20 0.0457+7 0.3598+14 — 399 185 19 0.464 t . l l 288+5 497+73
7-1 0.0532+34 0.0526+9 0.386+26 196 153 12 0.781 3.71 330+6 340+135
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Table 2. Isotopic analyses of zircons from granulite facies McBride Province Xenoliths
Grain- 207Pb*/ 2(^ Pb*/ 2 7^Pb*/ ^ P b * / Cone, fpnm) / (%)a Apparent Age (Mal
Spot 206Pb* 238U 235U 232Th U Th Pb* Th/U 206/238 207/206
± l a  ± l a  ± l a  t i e r  ± l a  t i e r
8-1 0.0729± 8l 0.047018 0.472154 — 59 35 3 0.600 757 29615 10101210
9-1 0.0581± 17 0.04116 0321111 — 513 155 20 0301 1.77 25413 532164
10-1 0.0626±44 0.045317 0390129 — 143 93 7 0.650 6.40 28515 6901140
12-1 0.0606±53 0.036216 0303127 — 111 30 4 0.268 5.68 22914 6301180
13-1 0.00453±59 0.038016 0337131 — 99 39 4 0398 5.06 24114 301220
14-1 0.0665±68 0.04 lS l7 0383140 — 77 34 3 0.440 758 26414 8201200
16-1 0.0638±58 0.046318 0.498138 — 88 54 4 0.613 5.12 29214 7401180
85-1002
1-1 0.0537150 0.0617113 0.456145 _ 83 90 6 1.081 5.07 38618 3601200
1-2 0.0745184 0.0454110 0.466154 — 74 87 4 1.174 10.4 28616 10501210
1-3 0.0522162
200vr»O p I 81 93 6 1.143 7.72 36518 3001240
1-4C 1 0.0568±230 0.0796±26 0.62±25 0.0075±42 122 128 14 1.050 16.4 494±16 480±700
2-1 0.0655142 0.0531111 0.480133 ___ 160 188 11 1.174 2.13 333±7 7901130
3-1 0.0571116 0.0547111 0.430115 — 480 52 25 0.108 2.42 343±7 495160
4-1 0.0586117 0.0822116 0.665124 — 482 258 42 0335 2.26 509±10 554163
5-1 0.0743163 0.09718 0.406136 — 133 206 7 1352 3.18 251 ±5 10501160
6-1 0.0607127 0.0586112 0.491125 — 300 109 18 0363 5.28 367±8 630190
7-1 0.0575117 0.0540111 0.428116 — 464 168 25 0362 2.61 339±7 511163
8-1 0.0540145 0.0500110 0373132 — 158 151 9 0.958 333 315±6 3701170
9-1 0.0615140 0.0508110 0.431130 — 215 195 13 0.910 536 320±6 6601130
9-2 0.0714*52 0.041919 0.412132 — 145 147 7 1.016 3.94 264±6 9701140
10-1C 0.0679114 0.1280126 1.199137 — 452 221 61 0.489 236 777±15 867143
10-2 0.0579119 0.0594112 0.474119 — 405 19 22 0.046 2.73 372±7 526168
11-1 0.0818117 0.1935139 2.183167 — 250 208 55 0.829 0.92 1140122 1241141
12-1 0.0765117 0.1733135 1.829158 — 246 126 45 0313 1.86 1030120 1109144
13-1 0.0634121 0.046319 0.405116 — 534 149 24 0.278 4.46 29215 722168
85- 1202
1-1 0.0486177 0.043919 0.294148 _ 103 23 4 0.223 11.0 277±6 1304330
1-2 0.0660157 0.0416115 0378137 — 70 13 3 0.192 434 263±9 8104170
2-1 0.0598162 0.0524111 0.432147 — 120 117 7 0.974 634 329±7 6004210
2-2 0.0560152 0.0481117 0372138 — 116 127 7 1.092 2.70 303±10 4504190
3-1 0.0540175 0.0524111 0390155 — 242 174 14 0.717 11.6 329±7 3704280
3-2 0.05991.114 0.0382114 0316163 — 29 6 1 0.199 11.4 243±8 6004370
3-3 0.0536121 0.0456116 0337119 — 301 120 14 0398 9.69 287411 360480
4-1 0.0508136 0.0545112 0.382166 — 80 82 5 1.024 838 342±7 2304350
4-2 0.0622165 0.0477117 0.410147 — 69 68 4 0.982 3.91 301±10 6804210
5-1 0.0493123 0.0483110 0.328117 ~ 383 162 19 0.424 2.63 304±6 1654100
5-2 0.0541119 0.0450116 0336117 . .. 376 112 17 0.299 0.96 284±9 380470
6-1 0.052719 0.041118 0.29918 . . . 1448 217 56 0.150 0.72 26045 320430
6-2 0.0607171 0.0340112 0.284136 — 68 46 3 0.680 5.98 215±8 6304230
7-1 0.0562164 0.042419 0.329138 107 26 4 0.245 9.06 268±5 4604230
7-2 0.0615138 0.0492117 0.418131 — 106 31 5 0.294 3.21 310411 6604130
8-1 0.0528173 0.034817 0.253136 — 152 135 17 0.889 5.74 220±4 3304280
8-2 0.0518145 0.0338112 0.241124 — 162 153 6 0.946 332 214±7 2804190
9-1 0.0486167 0.044015 0.295141 — 157 138 8 0.877 7.14 278±2 1304290
10-1 0.0489184 0.047815 0.322156 — 107 29 5 0.270 10.1 301±4 1504360
11-1 0.0555192 0.036514 0.280147 — 108 66 4 0.617 123 231 ±3 4354330
12-1 0.0586155 0.046915 0.379136 . .. 156 67 8 0.430 7.02 296±4 5504190
12-2 0.0526149 0.0384114 0.278129 . . . 125 62 5 0.499 3.60 243±8 3204190
13-1 0.0564129 0.042514 0.331118 382 187 17 0.490 3.02 26843 4704110
14-1 0.0534130 0.045915 0.338120 — 364 167 17 0.458 2.94 29042 3504120
15-1 0.0528124 0.039214 0.286114 ~ 499 266 21 0333 2.66 24842 3304100
16-1 0.06691127 0.0403115 0372173 . .. 22 6 1 0.266 9.28 25548 8404350
17-1 0.0597170 0.0375113 0308139 . .. 82 75 4 0.923 4.90 23740 5904240
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Table 2. Isotopic analyses of zircons from granulite facies McBride Province Xenoliths
Grain- 207Pb*/ 206Pb*/ 207Pb*/ 208Pb*/ Cone, (Tmml /(%)a Annarent Ave (Mai
Spot 206Pb* J 232Th U Th Pb* Th/U 206/238 207/206
± 1 a ± l a  ± l a  ± 1 a  ± 1 a  ± l a
83-1592
1-1 0.0578±24 0.038114 0304113 — 279 49 10 0.176 2.77 241 ±3 520190
1-2 0.056Q±22 0.035517 0.274113 — 355 48 12 0.136 135 225±4 450180
3-1 0.0838±23 0.1128112 1304139 — 177 69 21 0390 235 689±7 1290150
3 - r1 0.0860±30 0.1312127 1555166 0.0344133 154 40 20 0361 1.40 795±15 1340170
3-2 0.0639±34 0.076518 0.674138 — 173 99 14 0372 434 475± 7401
J-Jf1 0.0710±26 0.066917 0.655126 0.024317 228 126 16 0355 0.11 418±4 960175
3-4* 0.0767±46 0.0999121 1.057170 0.0228138 163 45 16 0.279 2.83 614±12 11101115
4-1 0.0499±35 0.035814 0.246118 — 181 37 6 0303 3.80 227±3 1901160
4-r 0.0548±29 0.032216 0243114 — 199 33 6 0.166 2.45 204±4 4051110
5-71 0,0841±30 0.083419 0.967137 0.0340120 230 60 19 0.260 035 517±5 1295170
5 -r1 0,0613±54 0.0575112 0.486145 0.0120135 238 49 13 0.205 2.40 360±8 6501180
5-2 0.0556±32 0.045115 0346120 — 193 82 9 0.423 2.73 285±3 4401120
6-1 0.0456±32 0.037614 0236117 — 224 69 8 0311 335 238±2 301110
6-r 0.0630125 0.034217 0297114 — 205 60 7 0.295 1.70 217±4 710180
6-21 0.0860±26 0.1078122 1.278150 0.0819155 187 62 20 0333 0.94 660±13 1340160
6-31 0.0627142 0.0568112 0.491136 0.0145123 194 47 11 0.242 133 356±7 7001140
6-41 0.0562189 0.035318 0274144 0.0121123 147 49 5 0333 230 224±5 4601320
6-51 0.0649132 0.0619113 0554131 0.0186118 222 59 14 0366 1.20 387±8 7701100
7-1 0.0604122 0.050515 0.420tll6 — 279 34 13 0.123 1.78 317±4 620180
7-21 0.0634124 0.0503110 0.439120 0.0215142 370 23 17 0.062 0.46 316±6 720180
8-1 0.0656142 0.053816 0.486132 — 145 77 8 0328 3.45 3381 7951
8-1' 0.0616134 0.042419 0361122 — 161 57 7 0354 2.79 268±6 6601110
9-7§ 0.0391163 0.032814 0.177129 — 186 43 6 0.229 13.6 208±3 —
9-r 0.0381133 0.031216 0.159114 — 176 28 5 0.161 5.14 192±4 —
10-1 0.0484152 0.044615 0297132 — 106 8 4 0.076 6.97 281 ±3 1201280
10-1' 0.0637143 0.043919 0385128 — 71 5 3 0.076 539 277±6 7301140
77-75 0.0759125 0.083519 0.874131 — 271 57 22 0310 4.42 517± 10931
11-21 0.0770125 0.1013121 1.07614370.0173138 321 47 81 0.146 1.21 622±12 1122164
72-7 0.0654134 0.045015 0.406122 — 175 30 8 0.172 332 284±2 7901110
12-2 0.0529134 0.035017 0.255118 — 165 34 6 0.205 3.14 221 ±5 3301140
13-1 0.0949118 0.1265113 1.655138 — 244 66 31 0372 036 768±7 1526134
13-2 0.0545128 0.0523111 0394123 — 211 94 11 0.445 2.47 329±6 3951110
13-31 0.0786125 0.1128123 1.223149 0.0277126 260 62 29 0337 1.45 689±13 1160160
14-1 0.0361140 0.036214 0.180120 — 163 35 6 0312 5.09 229±3 —
15-1 0.0403137 0.038814 0.216120 — 163 36 6 0.222 4.72 246±2 —
15-2 0.0539123 0.038418 0.285114 — 178 35 6 0.195 1.61 243±5 370190
76-7 0.0359175 0.036914 0.183138 — 165 55 6 0335 15.8 234±2 —
16-21 0.0539156 0.0623113 0.463150 0.0078143 209 40 12 0.193 636 390±7 3701220
77-7 0.0575167 0.041214 0327139 — 121 38 5 0313 13.1 260±3 5101240
17-2 0.0582128 0.044419 0.356120 — 150 42 6 0382 5.85 280±5 5401100
18-2 0.0550119 0.0410110 0311114 . . . 303 123 13 0.405 1.83 259±7 413180
19-2 0.0528125 0.0399110 0.291116 — 158 50 6 0315 1.85 252±7 3201100
19-3 0.0618124 0.0403110 0343117 — 161 39 6 0.240 1.85 255±6 670180
19-41 0.0596143 0.0613116 0.504140 0.0099126 166 38 10 0.231 232 383±10 5901150
20-7 0.0634152 0.044419 0388134 — 292 94 13 0.321 638 280±5 7201170
20-2 0.0481122 0.032218 0.213111 — 246 76 3 0310 1.61 204±5 1101200
27-7 0.0576162 0.032017 0.254129 — 409 67 12 0.163 5.15 203±4 5201220
21-21 0.0541120 0.037419 0.279113 0.0101111 264 46 9 0.171 10.1 236±6 380180
22-7 0.0675154 0.046419 0.433137 — 189 60 9 0318 632 293±6 8501160
22-2 0.0540163 0.0511113 0.380147 — 193 60 10 0312 2.14 321±8 3701240
2J-/C1 0.0939136 0.2797158 3.62011650.085112 344 62 95 0.180 1.36 1590±30 1510170
23-2 0.0789135 0.0641113 0.697135 — 317 60 20 0.190 4.04 400±8 1170185
23-31 0.0909113 0.1873147 2347172 0.0315125 236 44 43 0.188 0.69 1107126 1445127
24-1 0.0467143 0.036417 0.234123 — 272 35 9 0.130 635 32015 601180
25-1 0.0581164 0.039018 0.312136 . . . 184 53 7 0386 831 24615 5351225
26-1 0.0622166 0.043619 0373+42 343 77 15 0325 6.48 27516 6801210
27-1 § 0.0556165 0.032617 0.250130 . . . 234 34 7 0.146 7.96 20714 4401240
25-7 § 0.05081126 0.027516 0.193148 . . . 167 36 4 0.213 193 17514 3201490
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Table 2. Isotopic analyses of zircons from granulite facies McBride Province Xenoliths
Grain- 207Pb*/ 206Pb*/ 207Pb*/ 208Pb*/ Cone, fnnmi /(%)» Annarent Age CMal
Spot 206Pb* 238U 232Th U Th Pb* Th/U 206/238 207/206
± 1 a ± 1 a ± l a  ± 1 a ± l a  ± l a  .
83 -1 S^fcontinued)
29-11 0.0865±55 0.2576156 3.073±214 0.021±20 268 41 65 0.153 1.93 1478±37 13501120
29-21 0.0972±31 03110165 4.17±17 0.064±19 421 45 126 0.108 1.05 1746t±31 1570160
29-31 0.0884±16 0.1631±41 1.988±65 0.0414±27 232 49 37 0.212 0.65 974±23 1391133
2 9 ^ 0.0924±12 022068±52 2.634179 0.0482±23 238 54 48 0.225 0.41 1211±28 1476124
29-51 0.0923±13 0.1850±47 2366172 0.0501±27 233 43 43 0.182 0.45 1099126 1474126
29-71 0.0746±68 0.2042149 2.10120 0.0103±58 37 20 9 0.554 33 4 11981 10571
29-91 0.0889±15 0.1646±42 2.018±64 0.0405±23 270 58 44 0.214 0 3 4 982124 1403131
30-I1 0.0859±120 0.0936122 1.109±1600.0302±87 260 77 25 0.294 2.77 577113 13401250
31-1 0.0512±18 0.0377±9 0.266±12 — 282 31 10 0.110 1.05 23816 250180
32-1 0.05910±43 0.0329±8 0.268±22 — 105 54 4 0.515 33 7 20815 5701150
"Radiogenic Pb; ^Common Pb corrected using “^ P b . Common Pb corrected using “®°Pb. 
a/(%) denotes percent of common 2®^Pb in the total measured 2^ P b .
Spot numbers in italics are analyses corrected for high backgroud, as described in appendix.
A n...after spot number indicates a duplicate analysis on same spot.
C after spot number means spot was in core of crystal.
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Table 3. Electron probe analyses of mineral and melt 
inclusions within zircons.
85-107
Z7
Melt
83-159
Z19
Melt*
83-159
Z19
Amphibole1
Si02 71.43 63.4 39.5
Ti0 2 0.10 0.6 2.9
a12°3 13.05 19.6 16.5
FeO 1.36 2.1 11.3
MgO 0.26 2.3 12.4
CaO 2.41 6.2 11.0
Na20 3.18 2.6 3.0
k 2o 3.97 1.2 0.6
TOTAL 95.76 98.0 97.2
♦Melt inclusion in 83-159 represents estimate based upon 
integration of matrix and daughter crystal analyses, with relative 
proportions estimated optically.
1 occurs in melt inclusion.
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ABSTRACT
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Petrological, chemical and isotopic data for granulite facies xenoliths entrained in 
Mesozoic and Cenozoic basalts from eastern Australia indicate that the lower crust is 
generally mafic, though intermediate to felsic compositions are observed and may 
represent common lithologies in restricted zones. The majority of the mafic xenoliths 
are cumulates from mafic magmas or restite material left after the extraction of granitic 
melts from mafic-intermediate precursors; others represent crystallized basaltic melts. 
Isotopic data suggest that crustal underplating by mafic magmas occurred during the 
Palaeozoic and Cenozoic. Seismic data for eastern Australia indicate that the depth to 
the Moho is variable (35-55 Km) and that in some regions the Moho is transitional. 
Similarly, integrated.petrological, geochemical and isotopic data for spinel-bearing 
lherzolite and harzburgite xenoliths allow development of an internally consistent, 
multistage evolutionary model for the stabilisation and growth of the eastern Australian 
lithospheric mantle. The bulk of this region consists of refractory peridotite which has 
experienced multiple episodes of melt extraction and incompatible element enrichment, 
which produced significant chemical and isotopic heterogeneities. Growth of the 
eastern Australia lithospheric mantle is believed to have occurred by the accretion of 
intrinsically buoyant, refractory peridotite diapirs. Later tectono-magmatic reactivation 
episodes are recorded in the xenoliths, these events occurred in an intraplate and/or 
divergent plate tectonic environment. The presently available Sr and Nd isotopic data 
for upper mantle xenoliths from eastern Australia do not provide age constraints on 
lithosphere formation.
1. INTRODUCTION
Petrological, chemical and isotopic studies of upper crustal rocks have led to a self 
consistent model for the bulk composition and growth of the upper continental crust 
through time (McCulloch and Wasserburg, 1978; Taylor and McLennan, 1985). In 
contrast, the lower crust and subadjacent lithospheric mantle are isotopically, 
geochemically and geophysically less well known. Samples of deep crust are limited to 
xenolith fragments entrained in basalts and kimberlites, and rocks of tectonically 
emplaced high-grade metamorphic terrains. In eastern Australia numerous Cenozoic 
alkali basalts contain a variety of granulitic, eclogitic and peridotitic xenoliths which 
provide crucial information on the composition and origin of the lower crust and 
lithospheric mantle. In addition, the basalts themselves can provide information about 
the averaged regional composition of the lowermost lithospheric mantle (Chen and 
Frey, 1985; McDonough et al* 1985).
Lower crustal xenoliths throughout the world are characterised by dominantly 
mafic lithologies (Kay and Kay, 1981), although felsic and metasedimentary lithologies 
are locally abundant (Padovani and Carter, 1977; Leyreloup et al., 1977). This is in 
marked contrast to the typical lithologies of granulite facies terrains, which tend to be
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dominated by intermediate to felsic rocks (Kay and Kay, 1981). Whereas granulite 
xenoliths are demonstrably fragments of present-day lower crust (as evidenced by their 
high pressure mineralogies and decompression features), the relationship of granulite 
terrains to the lower crust is uncertain. If granulite terrains form primarily in continental 
collision zones (Newton and Perkins, 1982), they simply represent supracrustal rocks 
which have been transiently buried to great depths. Therefore, the study of granulite 
facies xenoliths may provide the most important constraints on lower crustal 
composition.
Studies of upper mantle xenolith suites worldwide show that the subcontinental 
lithospheric mantle is composed of ultramafic rocks, dominated by lherzolites and 
harzburgites, although other rock types, mainly pyroxene-rich and of cumulate origin, 
are found (Frey and Green, 1974; Wilshire and Shervais, 1975; Frey and Prinz, 1978; 
Irving, 1980; Nixon et al, 1981). Direct sampling of the subcontinental lithospheric 
mantle is usually restricted to xenoliths in alkali basalts and kimberlites; the only other 
source of this material being alpine peridodtes which are dominantly composed of 
lherzolite and harzburgite with lesser amounts of dunite and pyroxenite (Frey, 1984). 
These bodies are more probably fragments of the suboceanic or continental margin 
lithospheric mantie. Studies on eastern Australian ultramafic xenolith suites have been 
fundamental in establishing models on the growth and composition of the 
subcontinental lithospheric mande (e.g., Frey and Green, 1974; Irving, 1980; Nickel 
and Green, 1984).
Through systematic studies combining petrographic, chemical and isotopic data on 
these fragments of the eastern Australian deep lithosphere, we can develop models for 
the composition, structure and growth history of this region. This contribution 
examines the available data on lower crustal and upper mantle xenoliths in eastern 
Australia and their host basalts and develops a framework for understanding this region. 
New data is presented from several ongoing studies of lower crustal and upper mantle 
xenoliths and their host basalts.
2. The Lower Crust
Xenoliths with granulite facies mineralogies occur in a variety of young basaltic 
scoria cones, maars and tuff rings and older kimberlitic diatremes that intrude rocks of 
variable crustal ages throughout eastern Australia (Table 1; see summaries by Ferguson 
et al, 1979; Sutherland and Hollis, 1982; Griffin and O'Reilly, 1986). 
Thermobarometry for coexisting phases in these xenoliths yield high pressures and 
temperatures (in the range of 0.7 to 1.2 GPa and 600-1100°C, see Table 1 for 
references), which, coupled with the commonly observed decompression features, 
suggests a deep crustal origin for these rocks. Most of the xenolith-bearing basaltic and
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kimberlidc occurrences were emplaced through rocks of the Tasman fold belt, which 
have Palaeozoic deposidonal and crystallisation ages, but Proterozoic mande extraction 
ages (McCulloch and Chappell, 1982; Hensel et al., 1985). Several xenolith localities 
he in regions of older crust: the Calcutteroo and Kayrunnera kimberlitic pipes in South 
Australia and New South Wales, respectively, were emplaced through Proterozoic 
sediments; and xenolith-bearing basalts from the McBride province, N. Queensland, 
were erupted through metamorphic rocks of the Proterozoic Georgetown Inlier.
Lithologies of the granulite xenoliths are predominantly mafic, but intermediate to 
felsic granulite xenoliths have been observed at Delegate, N.S.W. (Lovering and White, 
1969), Calcutteroo and White Cliffs, S.A. (Ferguson et al., 1979; McCulloch et al., 
1982; Arculus et al., 1987), McBride province, north Queensland (Rudnick and Taylor, 
this volume) and the Newer volcanic province (Rudnick, unpubl.). Felsic xenoliths are 
abundant only in the case of the Newer volcanic province, where they are the only 
crustal xenolith observed in several vents (e.g., Mt. Leura, Mt. Noorat). The felsic 
xenoliths generally show more severe decompression effects (for example, sillimanite 
and garnet-bearing felsic xenoliths from the Newer volcanics have pumiceous textures 
due to melting) and they have therefore generally not been included in geochemical 
studies.
Table 1 summarises published petrologic studies on lower crustal xenoliths from 
eastern Australia and the following paragraphs summarise the chemical and isotopic data 
available on these suites. The major conclusion reached by more recent petrologic 
studies are that the eastern Australian lower crust is mafic, and interleaving of this 
material with mantle lherzolite creates a transitional Moho, which extends over 
approximately 30 km depth range (Ferguson et al., 1979; Wass and Hollis, 1983; 
O'Reilly and Griffin, 1985). Debate remains as to the depth at which spinel lherzolites 
become dominant lithologies (see below).
A mafic lower crust may be the result of two genetically distinct processes: (1) the 
crystallisation of, and/or crystal accumulation from, mafic magmas intruded into the 
deep crust, or (2) removal of partial melts from mafic to intermediate rocks in the deep 
crust, leaving a mafic residue. In the absence of obvious igneous textures, 
distinguishing between these two origins for mafic xenoliths is only possible by detailed 
geochemical and petrologic studies, and to date few of these have been completed.
Wilkinson (1975) and Wilkinson and Taylor (1980) reported on the petrology and 
composition of a suite of ultramafic to mafic granulite xenoliths from Boomi Creek, 
New South Wales (NSW). Additionally, Stolz (1984) reported similar information on 
comparable xenoliths from Walcha, NSW. These studies showed coherent geochemical 
correlations for both compatible and incompatible trace elements in each xenolith suite,
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and concluded that the xenolith suites represent cogenedc cumulates which crystallised 
from a tholeiitic melt in the deep crust; no cumulate textures were preserved.
Arculus et al. (1987) summarise petrologic and geochemical data for a variety of 
mafic granulite and eclogite xenoliths from 7 widespread localities in South Australia, 
Victoria and New South Wales. They note most of the xenoliths have basaltic 
compositions, and display a wide range in silica saturation from nepheline-normative to 
quartz-normative. Trace element compositions of the lower crustal xenoliths are highly 
variable; some have apparent basaltic characteristics whereas others show enrichments 
in certain trace elements (e.g., Ba, Sr, Pb and Nb), which are not attributable to igneous 
processes such as crystal accumulation alone. Arculus et al. (1987) conclude that these 
xenoliths represent basaltic melts, some locally enriched in cumulus phases or 
contaminated by interactions with pre-existing crust, that were later metamorphosed at 
higher pressures than the original fractionation events. Additional processes, as yet 
uncharacterised, are needed to explain the peculiar enrichments of alkaline earth 
elements.
In contrast with the highly variable major and trace element compositions of the 
xenoliths studied by Arculus et al., mafic lower crustal xenoliths from the Chudleigh 
volcanic province, north Queensland show coherent chemical and isotopic correlations. 
These correlations were interpreted as reflecting variations produced by simultaneous 
assimilation and fractionation of basaltic magmas within the deep crust (Rudnick et al., 
1986a). In addition, the good correlations between isotope ratios and major and trace 
element concentrations degrades as the isotopic ratios are back-calculated to earlier 
times, suggesting the xenoliths are less than 100 Ma old, and are probably related to the 
Tertiary volcanic activity. The mineral assemblages and corona textures of the 
Chudleigh province xenoliths were interpreted to reflect a relatively simple P-T history: 
intrusion and fractional crystallisation of the basaltic magma between 20 to 40 km depth 
with subsequent isobaric cooling (Rudnick and Taylor, this volume). Therefore, this 
section of the lower crust seems to be dominated by young basaltic cumulates.
The geochemistry of lower crustal xenoliths from Hill 32 in the McBride province 
of north Queensland points to diverse origins for these rocks (Rudnick and Taylor, 
1987a). The majority of the xenoliths are mafic, but they formed by a variety of 
processes including crystallisation of mafic magmas, crystal accumulation from mafic 
and felsic magmas and partial melt extraction from intermediate source rocks. 
Intermediate and felsic granulite facies xenoliths make up about 25% of the observed 
rock types and come from sedimentary and felsic igneous protoliths. Ion microprobe 
U-Pb zircon ages show that all these xenoliths experienced high-grade metamorphism in 
the late Palaeozoic, which coincides with the eruption of extensive felsic ash flows and 
emplacement of high-level felsic intrusives. Most of the xenoliths formed during this
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orogeny, although several originally crystallised in the Proterozoic (Rudnick and 
Williams, 1987). It is noteworthy that the two zircon-bearing mafic xenoliths with 
melt-like compositions appear to have formed during the Palaeozoic granite-forming 
events. They may thus represent mantle-derived heat sources which may have caused 
the crustal melting.
Figure 1 shows the available Nd and Sr isotopic compositions of eastern 
Australian lower crustal granulite xenoliths. Several eclogitic xenoliths (e.g., cpx-gt 
and no plagioclase) are also included, although they may represent upper mantle 
material. The two intermediate to felsic granulites plot far into the lower right quadrant, 
reflecting long term Rb and LREE enrichments and their supracrustal origin. The mafic 
granulite xenoliths fall along, and to the right of, the present-day mantle array. For the 
Chudleigh province mafic granulites the divergence to the right of the mantle array can 
be explained by assimilation of crustal materials with high ^ S r /^ S r  negative 
(Rudnick et al., 1986a). The isotopic composition of mafic granulites from the Delegate 
breccia pipe, N.S.W. are given in Table 2, along with the composition of the host 
nephelinite. These samples have LREE-enriched patterns and plot along an extension of 
the mantle array, albeit many at negative £jqd values. It has been postulated that these 
xenoliths formed as basaltic melts which intruded the base of the crust and contain 
variable proportions of cumulate phases (Arculus et al., 1987). Therefore, the spread 
of these data on the isotope diagram (Fig. 1) may reflect their derivation from 
isotopically distinct mantle source regions, variable residence times within the deep 
crust and/or mixing with a crustal component One eclogite from Delegate (69-27) has a 
very high present-day ejqd value of +15.7. This sample is strongly LREE-depleted 
(■ ^S m /l^N d  = 0.337), and had an of +14.0 at 170 Ma (the age of the Delegate 
pipe (Compston and Lovering, 1969)). If this sample originally plotted along the 
mantle array at the time of its crystallisation, it has a minimum age of 395 Ma. 
Interestingly, this model age is similar to the crystallisation age of granites in this region 
of the Tasman fold belt (Williams et al., 1983), suggesting that igneous activity which 
formed the eclogite may have provided a heat source for crustal melting. The 
Calcutteroo mafic granulites generally fall in a scattered field to the right of the mantle 
array, with about half of the samples plotting in the upper right quadrant. The REE 
patterns of these xenoliths are quite variable, only one or two show geochemical 
characteristics of cumulates (McCulloch et al., 1982) and their low Rb contents are 
unlikely to reflect the original concentrations. If the isotopic ratios of these xenoliths are 
back-calculated to earlier times, the data still fall far to the right of the mantle array, 
suggesting that these samples originally had higher Rb/Sr ratios and that they have 
experienced a long-term Rb depletion.
In summary, the highly variable Sr and Nd isotopic compositions of lower crustal 
xenoliths from eastern Australia reflects the source regions of the rocks (i.e.,
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mantle-derived melts and/or cumulates versus supracrustal rock types), and the 
processes which affected them during and after their original crystallisation. Some 
xenoliths have relatively primitive isotopic compositions and appear to represent 
mantle-derived melts or cumulates, whereas others, with more evolved isotopic 
compositions, represent mixtures of mantle-derived melts and supracrustal material. 
Still other xenoliths are high-grade supracrustal material. Many of the eastern 
Australian granulite facies xenoliths can be shown to have experienced Rb depletion 
after crystallisation, probably at lower crustal pressures and temperatures. The age of 
crystallisation for one suite of mafic xenoliths (Chudleigh province) is inferred to be 
relatively young (<100 Ma), whereas depleted mantle Nd model ages (Table 2) for other 
xenoliths are older (400 Ma for the eclogite from Delegate and 2170 Ma for a felsic 
granulite from Calcutteroo).
Until more detailed geochemical and isotopic studies are performed on spatially 
associated suites of lower crustal xenoliths, it is impossible to determine whether the 
mafic lower crust prevalent throughout eastern Australia is primarily the result of 
cumulate processes, or whether a significant proportion of the xenoliths represent restite 
material left after extraction of granitic melts. The abundant granites throughout the 
Tasman fold belt require mafic residual rocks to be present in the deep crust (Compston 
and Chappell, 1979; Chappell, 1984), so it appears likely that some of this residual 
material would be sampled as xenoliths by the Tertiary basalts.
3. The Subcontinental Lithospheric Mantle
The most common type of ultramafic xenolith found in eastern Australia are the 
spinel-bearing lherzolite and harzburgite xenoliths, which are presumed to represent the 
bulk of the lithospheric mantle. Other upper mantle materials, which are considered to 
comprise only a minor volume of this region, are the ultramafic cumulate suites (e.g., 
Al-Ti-rich pyroxenites and related rocks) and megacrysts. The major and trace element 
compositions of ultramafic cumulate suites and megacrysts have provided data on the 
local passage of basaltic magmas through the lithospheric mantle. The chemical 
compositions of spinel-bearing lherzolite and harzburgite xenoliths (and the deeper, 
garnet-bearing varieties) have been used to characterized the overall nature and 
composition of the eastern Australian lithospheric mantle. Also, new laboratory seismic 
measurements are consistent with a dominantly peridotitic lithospheric mantle in eastern 
Australia (Bezant, 1986).
Ultramafic xenoliths were subdivided into 2 broad groups based on their 
composition and presumed origin by Wilshire and Shervais (1975). Frey and Prinz 
(1978) suggested an alternative classification which does not emphasize the xenolith 
origin, and avoids characterising a suite of xenoliths by a single lithologic name. The
A-10-8
Cr-diopside group (Wilshire and Shervais, 1975) (or type I of Frey and Prinz, 1978) is 
dominated by lherzolite and harzburgite xenoliths, although less abundant Cr and 
Mg-rich dunites, wehrhtes, olivine websterites, orthopyroxenites and clinopyroxenites 
are also included in this group. The second group, the Al-augite group (Wilshire and 
Shervais, 1975) (or type II of Frey and Prinz, 1978), includes Al-Ti-Fe-rich xenoliths: 
pyroxenites, wehrlites, websterites and the like. It is commonly suggested that these 
type two xenoliths are products of the passage of basalts through the lithospheric 
mantle, either in association with the present igneous activity or related to earlier events. 
Composite xenoliths of type I and II lithologies generally show type El assemblages 
crosscutting type I lithologies, suggesting an intrusive relationship (Wilshire et al., 
1980; Irving, 1980).
The following sections summarises published and ongoing geochemical and 
isotopic studies of eastern Australian ultramafic xenoliths based on these subdivisions.
3.1. Lherzolites and harzburqites (type I lithologies)
Throughout eastern Australia Cenozoic basalts carry lherzolite and harzburgite 
xenoliths, which have been the focus of numerous petrological and geochemical studies 
(Wilshire and Binns, 1961; Frey and Green, 1974; Wilkinson, 1975; Wilkinson and 
Binns, 1977; Ferguson et al, 1977; Vame, 1977; MacRae, 1979; Ferguson and 
Sheraton, 1979; Irving, 1980; BVSP, 1981; Mitchell and Keays, 1981; Dal Negro et al, 
1984; Nickel and Green, 1984; Sutherland et al, 1984; Griffin et al, 1984). Many of 
these studies have characterised the spectrum of petrographic and mineral/whole rock 
compositions for these xenoliths. These xenoliths show a restricted range in 
mineralogies and major element compositions.
Eastern Australian lherzolite and harzburgite xenoliths usually have a 4 phase 
mineralogy of olivine (-50 to -85%), orthopyroxene (-35 to -5%), clinopyroxene (-20 
to -2%) and spinel (<5%). Some also have limited quantities (<5%) of amphibole, 
which is pargasitic in composition, or phlogopitic mica. A variety of textures are found 
in these xenoliths, although coarse and porphyroclastic varieties (Harte, 1977) are most 
common (e.g., Frey and Green, 1974; Dasch and Green, 1975; Nickel and Green, 
1984). Rare foliated peridotites, in which the planar fabrics are defined by tabular 
olivine and/or elongate grains of spinel and clinopyroxenes, are found throughout 
eastern Australia. The mineral chemistry of the lherzolite and harzburgite xenoliths is 
similar to that of other such xenoliths worldwide: olivines display a limited range of 
Mg/(Mg + Fe) values, usually Fogg,^, and pyroxenes show only minor compositional 
variations, mostly in their A^Og and Cr^Og contents. The whole rock major element 
compositions of these xenoliths reflect a residual peridotite which formed through 
extraction of variable amounts of a basaltic melt, and trace element compositions reflect
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a later, variable addition of an incompatible element enriched component (Frey and 
Green, 1974).
The estimated equilibration pressures and temperatures for these xenoliths indicate 
their upper mantle origin. Most equilibrated between 900° and 1100° C, based upon 
two pyroxene thermometry (Frey and Green, 1974; Nickel and Green, 1984; Griffin et 
al., 1984), with the anhydrous lherzolite and harzburgite xenoliths generally having 
higher temperatures (> 1000°C) than the hydrous bearing xenoliths (<1000°C); see also 
Figure 1 of Nickel and Green (1984). Fewer studies on the deeper origin, 
garnet-bearing lherzolite and harzburgite xenoliths from eastern Australia show them to 
have equilibration temperatures of 980-1300° C, based on gamet-clinopyroxene 
thermometry (Sutherland et al., 1984).
Estimates of the depths of origin of the spinel-bearing lherzolite and harzburgite 
xenoliths has been mainly based on mineral stability studies. There is no mineral pair in 
the spinel-bearing xenoliths which can provide well constrained pressure estimates for 
these rocks, excepting the olivine - clinopyroxene geobarometer which requires high 
quality Ca data, and such data is not available for most of these xenoliths (Nickel and 
Green, 1984). The experimental study of O'Neill (1981), and related earlier studies, 
suggest that spinel peridotite xenoliths are stable above 50 to 65 kms depth (1.6 to 2.0 
GPa), below which lherzolites are in the garnet stability field. The 
gamet-orthopyroxene geobarometer (Harley and Green, 1982), when applied to eastern 
Australian garnet-bearing lherzolite and harzburgite xenoliths using 
clinopyroxene-garnet temperatures, yields pressures of between 1.5 to 2.4 GPa (50-80 
km) (Ferguson et al., 1977; Ferguson and Sheraton, 1979; Sutherland et al., 1984).
Recently Griffin et al. (1984) and O'Reilly and Griffin (1985) calculated a 
geotherm based upon thermobarometric estimates of garnet pyroxenite xenoliths from 
Bullenmerri and Gnotuk maars, Victoria. By projecting the 2 pyroxene temperatures of 
spinel lherzolites on to this geotherm, they estimated the depth of origin for these rocks 
to be between 25-50 km depth (0.8-1.6 GPa ) in the upper mantle. They then compare 
these results with seismic refraction profiles from the Lachlan Fold Belt, N.S.W., and 
suggest that throughout eastern Australia the crust is only 25-30 km thick and that it is 
underlain by a mixture of peridotite, pyroxenite and granulite, which, when combined 
with the very hot temperatures inferred from their geotherm, explain the relatively low 
Vp (6.5-7.4 km/sec) observed at 25-40 km depths. They also suggest that the 
previously defined seismic Moho at 55 km represents the transition from spinel 
lherzolite to garnet lherzolite. This contrasts with previous crustal models (Ferguson et 
al., 1979; Finlayson et al., 1979) primarily by assigning a shallow depth to spinel 
lherzolites. Because of the implications of this model, and the pit falls which are often
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associated with derivation of regional geotherms from xenolith suites, the assumptions 
used in their model bear examination.
Firstly, although Griffin et al. (1984) used primary mineral assemblages of garnet 
pyroxenites to define their geotherm, they presented evidence that about 1/4 of these 
pyroxenites contain secondary mineral assemblages, often in the form of symplectic 
coronas surrounding garnets. These secondary assemblages yield different (both higher 
and lower) equilibration temperatures by 15 to 40°C, using the Wood and Banno 
(1973) 2 pyroxene thermometer, or 25 to 77°C using the Wells thermometer (Table 7 of 
Griffin et al., 1984). These features suggest disequilibrium and cast doubts on the 
assumption of mineralogical equilibrium which must be made to construct a geotherm.
Secondly, it is necessary to consider the precision with which geothermometers 
can be applied. The two pyroxene and gamet-clinopyroxene thermometers have 
uncertainties of ±5-7%, or about ±50°-70°C at 1000° C, based just on the 
thermodynamic calibrations (Wells, 1977; Ellis and Green, 1979). Because of the 
extreme temperature dependence of the geobarometer used by Griffin et al. (0.4 GPa 
per 100°C, Harley and Green (1982)), a temperature uncertainty of ±50-70°C leads to 
pressure uncertainties of ±0.2-0.3 GPa. Due to the steepness of the postulated 
geotherm, if the temperatures are lowered by only 50°C, then the corresponding 
pressures for spinel lherzolite xenoliths increase from 0.8-1.6 GPa (25-50 km) to 1.1 to 
1.9 GPa (35 to 60 km). These uncertainties must be considered when comparing 
xenolith data with refraction profiles.
Thirdly, agreement of equilibration temperatures between lherzolite and pyroxenite 
portions of composite xenoliths was used by Griffin et al. (1984) to justify plotting 
lherzolite xenoliths on their pyroxenite-derived geotherm. However, numerous studies 
of such composite xenoliths have shown that lherzolites adjacent to pyroxenite dykes 
are chemically zoned in their bulk rock and mineral compositions (see below; Wilshire 
and Shervais, 1975; Wilshire et. al., 1980; Irving, 1980). The Fe-rich nature of the 
composite lherzolites described by Griffin et al. (Fo82 versus Fo86_91 for most type I 
spinel lherzolites) attests that similar effects occurred in these lherzolites. Therefore, it 
is likely that the composite lherzolite xenoliths were equilibrated by the very events(s) 
that formed them and should not be used as evidence of pervasive equilibration of spinel 
lherzolite to the calculated geotherm.
Finally, the depth of the spinel-garnet transition for lherzolites is not clear cut. 
Griffin et al. place this transition at 55 km depth, based on the experimental data of 
O'Neill (1981) (note that the spinel-garnet phase boundary of O'Neill is not plotted 
correctly in Fig. 8 of Griffin et al. -- the boundary is steeper than shown, but it crosses 
their geotherm at the same position). However, if one uses thermobarometry of
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xenoliths, a much deeper phase boundary is suggested. A spinel-garnet lherzolite 
xenolith from Jugiong, N.S.W., is a sample from this transition zone (Ferguson et al., 
1975; Ferguson and Sheraton, 1979). Using the same thermobarometers employed by 
Griffin et al. to generate their geotherm, this xenolith yields equilibration conditions of 
2.2 GPa (75 km) and 1150°C, 20 km deeper than postulated by Griffin et al. for this 
phase boundary. Nickel and Green (1985), who have recently improved the Harley and 
Green geobarometer, concluded that this xenolith was equilibrated at about 2.0 GPa (65 
Km) and 1050°C. Regardless as to which of these estimates are used, the equilibration 
temperature and pressure of this spinel-garnet lherzolite does not agree with data from 
experimental studies. This implies either the spinel-garnet transition is deeper than 
predicted by experimental data and so the observed increased Vp at 55 km depth does 
not coincide with this phase change or, the gamet-orthopyroxene barometer gives 
systematically high pressures (which may be due to overestimated temperatures). In 
either case this data casts doubt on the accuracy of the geotherm.
We conclude that the Griffin et al. (1984) geotherm is probably representative of 
crustal areas in which active volcanism occurs and is equivalent to the alkaline province 
geotherm of Jones et al. (1983). However such high temperatures are transient 
phenomena (Irving, 1976; Harte et al., 1981) and not representative for all of 
present-day eastern Australia. In addition, the inferences on crust-mantle structure 
derived from this geotherm are not steadfast. In particular, there is no thermobarometric 
or geophysical evidence that spinel lherzolites occur as shallow as 25 km depth. Finally, 
in agreement with earlier studies (Ferguson et al., 1979; Finlayson et al., 1981), we 
suggest that the seismic velocity profile of this region reflects a dominantly mafic lower 
crust (see below).
Major element compositions of the spinel-bearing lherzolite and harzburgite 
xenoliths from eastern Australia (e.g., BVSP, 1981; Nickel and Green, 1984) are 
similar to those of spinel lherzolites worldwide (see Frey, 1984 for a review). The 
refractory elements (e.g., MgO, Cr and Ni) define positive correlations with one 
another and the readily fusible major and minor elements (e.g., CaO, FeO, AI2 O3 , 
T i0 2, Na2 0) displaying negative correlations with MgO. The trace element 
compositions of some of these xenoliths have been characterized in detail (e.g., Frey 
and Green, 1974; Irving, 1980; BVSP, 1981; Mitchell and Keays, 1981). The 
peridotite xenoliths from eastern Australia display a range of REE patterns from 
LREE-enriched to LREE-depleted (Fig. 2). The relative abundances of Ir, Os and Pd in 
these xenoliths are close to the chondritic values, whereas Re and Au contents are more 
variable (BVSP, 1981; Mitchell and Keays, 1981). These siderophile element 
abundances are typical for many garnet- and spinel-bearing lherzolite and harzburgite 
xenoliths from other localities around the world (BVSP, 1981).
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From the various studies on spinel-bearing lherzolite and harzburgite xenoliths 
from eastern Australia, internally consistent geochemical and petrological models have 
been developed for the origin and evolution of the lithospheric mantle. Foremost among 
these is the classic study by Frey and Green (1974) on the mineralogy and geochemistry 
of a representative spectrum of lherzolites and harzburgites from Victoria and South 
Australia. A later study (Nickel and Green, 1984), using a larger number of samples, 
has confirmed these earlier observations and interpretations. Major and trace element 
data from these studies showed that the underlying lithospheric mantle has experienced 
at least a two stage history. The first stage involved the extraction of basaltic melt from 
a homogeneous peridotite (commonly assumed to be pyrolite (Ringwood, 1966)), and 
the second stage consisted of an enrichment event, in which various incompatible 
elements were added back into the refractory peridotite. Support for this model comes 
from Sr and Nd isotope studies (discussed below).
The early removal of a basaltic melt component is reflected by low and variable 
amounts of clinopyroxene, and depletions in Ca, Al, Na, Fe, Sc, V, Cr and the heavy 
REE (elements that characterise the clinopyroxene component). This event also 
produced depletions in incompatible trace elements (elements which partition strongly 
into melts). Later, the residual peridotites were enriched by the addition of a 
volumetrically minor, incompatible element-rich component. This enrichment was 
found to affect all of the samples to varying degrees, but surprisingly, as noted by Frey 
and Green (1974), the most refractory inclusions in terms of depletion in Ca, Al, Fe, 
etc., contain the highest relative abundance of incompatible trace elements. This second 
stage enrichment event has been identified in many lherzolite and harzburgite xenolith 
suites worldwide (Frey, 1984) and is commonly referred to as a 'metasomatic' event. 
Frey and Green (1974) showed that the two evolutionary stages were not genetically 
related and suggested that there may be a significant time difference between them.
Data from Sr, Nd and Pb isotope studies of southeastern Australian lherzolite and 
harzburgite xenoliths also show that these rocks have developed through a complex, 
multstage evolution. The Pb isotopic compositions of some these xenoliths requires a 
minimum of two stages (Cooper and Green, 1969). Many of the southeastern 
Australian lherzolites and harzburgites studied possess chondrite-normalized LREE 
enriched patterns and positive values. Since positive values reflect long-term 
LREE depletion (i.e., Sm/Nd > 0.31), these peridotites must have experienced a 
relatively recent LREE enrichment. Similar combined chemical and isotopic data on 
lherzolite xenoliths from the same region (Chen and Frey, 1980; 1981) also been used 
to argue for an early melting event and at least 2 "metasomatic" events.
Sr and Nd isotopic compositions vary widely for southeastern Australian 
spinel-bearing lherzolite and harzburgite xenoliths (Fig. 3). This variation is greater
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than that previously reported for a single suite of spinel lherzolite xenoliths (Jagoutz et 
al, 1980; Menzies and Murthy, 1980; Stosch et al, 1980; Mengel et al, 1984; Roden, 
M.F. et al, 1984; Roden, M.K. et al, 1984; Betton and Civetta, 1984; Menzies et al, 
1985). In addition, analyses of many samples from Mt Leura and Mt Gambier show 
that a wide range in isotopic compositions may be present at a single center (Burwell, 
1975; Chen and Frey, 1981; McDonough and McCulloch, 1987). Enriched isotopic 
compositions are also found for clinopyroxene separates from Lake Bullenmerri garnet 
pyroxenite xenoliths (Fig.3, Table 2). These xenoliths have high ^^Sr/^^Sr ratios and 
negative e^H values. The diversity of Sr and Nd isotopic compositions in the southeast 
Australian lithospheric mantle contrasts with the restricted isotopic compositions 
measured for the xenolith host, Newer basalts (McDonough et al., 1985).
Studies of sheared garnet lherzolites from south Africa showed these rocks to be 
fertile in terms of major element compositions, with chondritic REE patterns and 
depleted Nd and Sr isotopic compositions. In contrast, granular lherzolites have 
depleted major element compositions, LREE enriched patterns and evolved Nd and Sr 
isotopic compositions (Nixon et al., 1981; Richardson et al., 1986). Sheared lherzolites 
have not been reported from eastern Australia. Foliated peridotite xenoliths from 
eastern Australia have Sr and Nd isotopic compositions indistinguishable from those of 
the non-foliated equivalents. Interestingly however, foliated lherzolites from Mt 
Gambier (see samples 2730, and 2736 of Dasch and Green, 1975) possess the highest 
87sr/86sr ratios measured for the upper mantle beneath southeastern Australia, 
although they do not possess the lowest values.
Good correlation (r = 0.99) between Sr and Nd concentrations in the peridotite 
xenoliths and their clinopyroxene separates gives a nearly constant Sr/Nd ratio of 15 
(Fig. 4) (McDonough and McCulloch, 1987). Stosch and Lugmair (1986) reported a 
similar correlation for spinel peridotite xenoliths from Europe. The average Sr/Nd ratio 
of these peridotites is similar to the bulk earth value of 17 (Sun, 1982), and Sr/Nd ratios 
of primitive (i.e., unfractionated) basalts from mid-ocean ridges (MORBs) (Sr/Nd = 
10-15), and intraplate settings (ocean island basalts (OIBs) and continental intraplate 
basalts) (Sr/Nd = 15-20) (McDonough and McCulloch, 1987). In contrast, island arc 
basalts have much higher Sr/Nd ratios of >30. These higher ratios suggest either a high 
Sr/Nd ratio in the source of island arc basalts (if Sr is not fractionated from Nd during 
melting), or indicate that the residue would have a subchondritic Sr/Nd ratio (if Sr is 
fractionated from Nd during melting of a chondritic source). The Newer basalts, host 
for the southeastern Australian xenoliths, have a typical intraplate Sr/Nd ratio of 19.5 
(McDonough et al., 1985). These data suggest that the constant Sr/Nd ratio in 
peridotite xenoliths reflects the added, incompatible element-enriched component, which 
is wholly associated with intraplate magmatism (McDonough and McCulloch, 1987); 
the data are not consistent with the signature expected for the mantle source of island arc
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magmas. However, this does not exclude the possibility of such a tectonic setting in this 
region at sometime in the past.
Early Rb-Sr isotopic studies on southeast Australian lherzolite and harzburgite 
xenoliths found correlations between 87Rb/86Sr and 87Sr/86Sr ratios for whole rocks 
(Burwell, 1975) and mineral phases (Dasch and Green, 1975), and both studies 
speculated that these correlations had age significance. The proposed ages (600 to 700 
Ma) were suggested to represent the time of the last melt extraction experienced by the 
peridotites, and were related to an early Cambrian orogenic event in the region (Dasch 
and Green, 1975; Burwell, 1975). Recently, combined Sr and Nd isotopic studies of 
lherzolite and harzburgite xenoliths (Chen and Frey, 1981; McDonough and 
McCulloch, 1986; 1987), in some cases for the same samples as the earlier studies, 
showed that the two isotope systems yield different ages, suggesting that these ages are 
not significant. This Sr and Nd isotope data has been used to support a model of recent 
mixing in the mantle and to suggest that these isotope systems do not record a precise 
timing of mantle events (McDonough and McCulloch, 1987).
As garnet-bearing lherzolites are relatively rare in eastern Australia ( Ferguson et 
al., 1977; Ferguson and Sheraton, 1979; Sutherland et al, 1984) very little is known 
about the trace element and isotopic compositions of the deeper parts of the eastern 
Australian lithospheric mantle.
3.2. Al-rich Pvroxenites and related rocks (type II lithologies)
The Al-augite group, or type II ultramafic xenolith suites, are less abundant in 
eastern Australia. Most studies of these xenoliths have been restricted to descriptions of 
the relative abundance and variety of rock types found at given localities and aspects of 
their mineral compositions. Often these studies draw petrographic and chemical 
analogies with specimens described in more detailed petrological/geochemical studies 
(e.g., Frey and Prinz, 1978). Detailed petrogenetic studies of these type of xenoliths 
from eastern Australia include those of Irving (1974b), Knutson and Green (1975), 
Ellis (1976) and Irving (1980). These xenoliths are considered to represent cumulates 
which formed by dynamic flow crystallisation of basaltic magmas within the mantle 
(Irving, 1980) or minerals separated from basaltic magmas by filter pressing, or related 
processes, at mantle pressures (Wilshire et al, 1980).
Irving (1980) reported petrographic and geochemical data for a variety of 
composite xenoliths from Cenozoic basalts in northern Queensland and Victoria. These 
xenoliths consist of lherzolite or harzburgite veined by type II material (clinopyroxenite, 
wehrlite, websterite or orthopyroxenite). He interpreted these xenoliths as fragments of
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subcontinental lithospheric mantle intruded by pyroxene-rich cumulate material which 
separated from basaltic magmas during ascent Similar composite xenoliths are reported 
from numerous other worldwide localities ( Wilshire et al., 1980) and provide important 
information on the physical and chemical response of the lithospheric mantle to 
ascending basaltic magmas. Wilshire and Shervais (1975) and Irving (1980) suggested 
that pronounced compositional gradients across the contacts of type II veins and 
lherzolite wall rock reflect the thermal and chemical modification of the mantle produced 
by the passage of basaltic melts. Irving (1980) proposed that Fe-rich spinel lherzolite 
xenoliths, purported to be common in the subcontinental lithospheric mantle of eastern 
Australia (Wilkinson and Binns, 1977), are products of such wall rock-magma 
interaction. Though not conclusive, this model suggests that the fertile Fe-rich spinel 
lherzolite xenoliths are a small scale (on the order of tens of centimeters) localised 
reaction product, and therefore are of limited regional significance.
Wass and coworkers (Wass et al, 1980; Menzies and Wass, 1983) have 
documented the occurrence of a notable group of xenoliths which are rich in apatite and 
amphibole. They consider the apatite/amphibole xenolith suite to be distinct from type I 
and II xenoliths and analogous to pegmatite veins developed within the mantle under a 
relatively high partial pressure of CO9 (Menzies and Wass, 1983). These volatile-rich 
xenoliths represent one end member of a spectrum of lithologies observed for 
mantle-derived xenoliths.
Sr and Nd isotopic studies on eastern Australian type II xenoliths, 
apatite/amphibole xenoliths and various megacrysts related to these, show that many 
have isotopic compositions similar to those of their host basalts or regionally related 
magmatism (Stuckless and Irving, 1978; Menzies, 1983; Menzies and Wass, 1983). 
This suggests that they are genetically related to the contemporaneous magmatism, 
though in some cases not specifically related to their host magma. This situation 
contrasts strongly with the lack of evidence for genetic links between most type I 
lherzolite and harzburgite xenoliths and their hosts. Finally, there are other type II 
xenoliths (e.g., the Lake Bullenmerri garnet pyroxenites) with rather evolved and high 
^ S r /^ S r  ratios and negative values (Table 2). These xenoliths have isotopic 
compositions that are markedly different from their host basalts (McDonough et al., 
1985) and are interpreted as pyroxene-rich cumulates formed during earlier magmatic 
events, which are not related to the present basaltic magmatism.
4. Chemical and Isotopic Systematics of Intraplate Basalts
Basalts provide an additional source of information about the composition of the 
upper mantle. They are usually grouped by their mineralogy and composition as either 
tholeiitic, transitional or alkalic. Extensive efforts have been invested in trying to
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understand the origin of these different basalt types and to characterise their source 
regions. The combined data of experimental petrology and trace element geochemistry 
have given us greater insight into the differing origins of these basalt types and have 
shown that by varying the melting conditions (e.g., temperature, pressure, mantle 
volatile content and composition, degree of partial melting and source mineralogy) a 
variety of basalts can be produced (e.g., Ringwood, 1975; Frey et al., 1978; Takahashi 
and Kushiro, 1983).
Frey et al (1978) identified a series of relatively unfractionated, tholeiitic to alkalic 
basalts from southeast Australia and characterized the mineralogy and composition of 
their mantle source regions. More recently McDonough et al (1985) measured their Sr 
and Nd isotopic compositions and showed that the tholeiitic and alkalic basalts are 
from different sources.
The systematic chemical and isotopic differences observed in the tholeiitic to alkalic 
basalts from southeastern Australia has been attributed to mixing between 
plume-derived and lithospheric mantle-derived melt components (McDonough et al, 
1985). In this model the isotopic compositions of tholeiitic basalts are considered to be 
plume-dominated, since tholeiitic basalts require higher melting temperatures and larger 
degrees of melting for their genesis. In contrast alkalic basalts require lower degrees of 
partial melting and may contain a dominantly lithospheric mantle-derived component. 
Therefore the isotopic composition of the primitive alkalic Newer basalts may represent 
an averaged isotopic composition of the regional subcontinental lithospheric mantle 
component (McDonough et al, 1985). More evolved basaltic compositions may have 
been affected by crustal assimilation. Identical systematic trends in the Sr and Nd 
isotopic compositions of alkalic and tholeiitic basalts have been recognized in Hawaiian 
basalts (Fig. 5). Chen and Frey (1985) have proposed a similar mixing model to 
explain the origin of these differing basalt types. In contrast, a recent study on French 
Polynesian basalts (Duncan et al., 1986) has identified a condition where the Sr and Nd 
isotopic composition of spatially and temporally associated tholeiitic and alkalic basalts 
show an opposite shift in isotopic composition from that observed in Hawaii and 
southeastern Australia (Fig. 5). Duncan et al (1986) suggested that the isotope data for 
French Polynesian basalts could be explained either by the above model, or as an 
alternative, they suggested a model involving a heterogeneous plume which mixes 
isotopically different components within the torus of the convecting plume. In either 
case all of these models are consistent with thermal and mechanical considerations of 
melts interacting with the base of the lithosphere. The intrusion of hot mantle plumes 
into the base of the lithosphere during intraplate magmatism would result in large scale 
melting of the lowermost lithospheric mantle.
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Primary and near primary eastern Australian Cenozoic tholeiitic and alkalic basalts 
display a large range of Sr and Nd isotopic compositions, which falls within the 
'oceanic mantle array' (Fig. 6). The NSW ieucitites have ^Sr/^Sr  ratios of 0.7050 to 
0.7055 and values of 0 to -4 (Nelson et al, 1986), whereas Tasmanian 
(McDonough et al, 1985) and Norfolk Island alkalic basalts (unpublished data) have 
^^Sr/^^Sr ratios of 0.7027 to 0.7033 and values of +8 to +5. If the isotopic 
composition of the alkalic basalts represents an averaged regional melt composition 
from the lowermost lithospheric mantle, then this range indicates significant isotopic 
heterogeneity in the lithospheric mantle throughout eastern Australia.
The NSW leucite-bearing lavas outcrop well to the west of the continental dividing 
range and are considerably further inland than any of the other Cenozoic eastern 
Australian basalts (Cundari, 1974). These lavas have more evolved Sr and Nd isotopic 
compositions than those of the Newer volcanics (Fig. 6). In contrast to the NSW 
leucite-bearing lavas, the Cosgrove olivine leucitite in northern Victoria (Birch, 1978) 
outcrops only about 100 kms from the nearest centers of the Newer volcanic field and is 
isotopically similar to the basalts of this province. It is conceivable that isotopic 
compositions of the NSW potassic lavas reflects a distinctive and possibly older 
composition of the lowermost lithospheric mantle beneath this region.
5. Origin and Growth of the Lower Portion of the Eastern Australian 
Lithosphere
Combining these petrological and geochemical data on eastern Australian xenoliths 
and basalts with geophysical information for the region we can construct a model for the 
origin and evolution of the lower portion of the eastern Australian lithosphere. This 
region of Australia is a relatively young part of the Australian continent (McCulloch, 
1987) and may therefore have distinct characteristics from other regions of the continent 
which are part of the stable Australian craton.
Considerable controversy exists concerning the nature of continental growth 
through time. There appears to be several processes involved, including: lateral 
accretion via subduction-related magmatism (Taylor and White, 1965; Taylor, 1967), 
continental addition during intracratonic rifting, which is suggested to be an important 
Archean growth process (Kroner, 1981), and crustal underplating due to conductive 
cooling (Oxburgh and Parmentier, 1978). Of these three mechanisms, the underplating 
model involving mantle growth through conductive cooling may be the least likely to 
contribute to the long term stability of the lithospheric mantle. A lithosphere which has 
grown by passive underplating or thermal accretion is not consistent with various 
petrological, seismological, thermal, gravity and tectonic considerations (Clark and 
Ringwood, 1964; O'Hara, 1975; Oxburgh and Parmentier, 1978; Davies, 1979;
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Jordan, 1981; Ringwood, 1982). The material accreted during such a processes would 
be cooler, chemically unmodified asthenospheric mantle peridorite and once cooled, 
would be gravitationally unstable. Consequently, this denser portion of the 
lithospheric mantle would be negatively buoyant with respect to the underlying 
asthenosphere and likely to be detached from the lithospheric mantle and sink into the 
asthenosphere (Houseman et al., 198.1).
There is strong evidence that the subcontinental lithospheric mantle grows 
dominantly by the accretion of thermally driven, intrinsically buoyant refractory 
peridotite diapirs (Clark and Ringwood, 1964; Oxburgh and Parmentier, 1978; Jordan, 
1981; Ringwood, 1982). These peridotite diapirs are accreted onto the base of the 
lithospheric mantle during subduction zone and hotspot related magmatism, where they 
may be permanently trapped beneath continents. In contrast, in the oceanic lithosphere, 
they are recycled back into the mantle at subduction zones (Ringwood, 1982). It has 
been suggested that regions of the lithospheric mantle which have grown by the 
accretion of refractory peridotite are also susceptible to being detached from the 
lithospheric mantle and recycled back into the asthenosphere (McKenzie and O'Nions, 
1983). However, the temperature gradients and density contrasts required (Houseman 
et al., 1981) are such that this would be a rare, possibly unlikely, fate for a chemically 
buoyant region of the subcontinental lithospheric mantle.
The early basaltic melt extraction event, so commonly identified in lherzolite and 
harzburgite xenoliths, may record the initial development and stabilisation of the 
subcontinental lithospheric mantle. A once fertile peridotite source region that undergoes 
partial melting would become less dense, due to extraction of a dense Fe-rich 
component, and buoyant with respect to the surrounding mantle. The second stage 
enrichment event, identified in the incompatible trace elements and Sr and Nd isotope 
compositions of these xenoliths (Frey and Green, 1974; Chen and Frey, 1981; 
McDonough and McCulloch, 1987), documents later tectono-magmatic reactivation 
events in the subcontinental lithospheric mantle. The chemical signature recorded in the 
lherzolites from these later events (in particular the Sr/Nd ratios) are similar to those 
expected in an intraplate or divergent plate tectonic setting.
Similarly, the composition and growth of the lower continental crust can be related 
to a series of tectonothermal events. The dominantly mafic lower crustal xenoliths 
formed through both basaltic underplating of the lower crust (some of which occurred 
during the Palaeozoic granite-forming orogenies) and partial melt extraction from 
pre-existing mafic to intermediate rock types. In addition, minor quantities of 
supracrustal rocks and felsic igneous rocks exist in the lower crust. The supracrustals 
presumably were tectonically emplaced during continental margin orogenic events. The
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felsic meta-igneous rocks may have been similarly derived, or may represent near in situ 
melts of intermediate to mafic rock types.
Seismic refraction profiles coupled with petrological/geochemical data for xenoliths 
in eastern Australia provide a picture of a heterogeneous deep lithosphere throughout the 
region (Fig. 7). Although still equivocal, the seismic data suggests that the Moho may 
vary considerably in depth and structure, from a distinct Moho at 35 km in Victoria to a 
transitional Moho between 50-55 kilometers in the Lachlan Fold Belt, N.S.W. ( 
Finlayson et al, 1979; Finlayson, 1982; Wesson and Gibson, unpublished data). 
Laboratory measurements of ultrasonic velocities for typical spinel-bearing peridotite 
xenoliths from Mt. Pomdon, Victoria (Bezant, 1986) and mafic lower crustal xenoliths 
from South Australia and north Queensland (Jackson and Arculus, 1984; Rudnick and 
Jackson, 1987) support a model of a thick, predominantly marie granulite lower crust, 
with spinel lherzolite becoming a volumetric ally significant rock type only at depths 
greater than about 40 km. Such data are consistent with the crustal profiles postulated 
by Ferguson et al. (1979), Finlayson et al. (1979) and Drummond and Collins (1986).
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Figure Captions
Figure 1. ^ S r / ^ S r  versus values of lower crustal xenoliths from eastern 
Australia. Data sources are from McCulloch et al (1982), Rudnick et al (1986a) 
and this paper (Table 2). Data fields defining the reference 'Oceanic Mantle Array' 
are given in McDonough et al (1985); e^d are normalized to ^ N d / ^ N d  = 
0.511836 (CHUR). Open symbols are for garnet pyroxenites, filled symbols are 
for mafic granulites and half-filled symbols are for felsic to intermediate granulites.
Figure 2. REE pattem for spinel-bearing lherzolite and harzburgite xenoliths from 
eastern Australia. Data from Frey and Green (1974) and Irving (1980).
Figure 3. ^Sr/SföSr versus values for spinel-bearing lherzolite and harzburgite 
xenoliths from southeastern Australia and garnet and clinopyroxene separates 
from garnet pyroxenite xenoliths from Lake Bullenmerri. Data from McDonough 
and McCulloch (1987) and Table 2. Data field for the Newer basalts, the host 
basalts for all these xenoliths, is from McDonough et al (1985). Lherzolite and 
harzburgite localities include Mt. Pomdon, Mt. Shadwell, Mt. Noorat and 
Anakies, western Victoria. Additional details see Figure 1. Sample with tie line 
represent analyses of coexisting garnet and clinopyroxene from a Lake Bullenmerri 
garnet pyroxenite xenolith.
Figure 4. Concentrations of Nd versus Sr for southeastern Australian spinel-bearing 
lherzolite and harzburgite xenoliths and some of their clinopyroxene mineral 
separates (McDonough and McCulloch, 1987).
Figure 5. ^ S r / ^ S r  versus e^d values of Cenozoic, tholeiitic and alkalic basalts 
from Hawaii (Chen and Frey, 1985; Roden et al., 1985; Stille et al., 1984), 
French Polynesia (Duncan et al., 1986) and Newer volcanic province, 
southeastern Australian (McDonough et al., 1985).
Figure 6. ^ S r / ^ S r  versus values of Cenozoic, tholeiitic and alkalic basalts 
from eastern Australia. Data sources include Menzies and Wass (1983), 
McDonough et al (1985), Nelson et al (1986), Knutson et al (1986) and 
McDonough and McCulloch (unpublished). The inset diagram details the variation 
in ^ S r /^ S r  versus 8 ^  values for tholeiitic and alkalic basalts from the eastern 
2/3 (Victoria region) of the Newer volcanic province; compare with Figure 5, 
which shows the total variation in ^ S r / ^ S r  versus ej^d value in the Newer 
basalts. For additional details see Figure 1.
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Figure 7. A simplified continental lithosphere cartoon for eastern Australia 
emphasizing the chemically and isotcpically heterogeneous nature of the crust and 
mantle and the variable depth of the Moho. The depth to the base of the 
lithosphere is not specified. The lithospheric mantle is defined as that portion of 
the lithosphere which is mechanically coupled to the continental crust. The 
transition from spinel lherzolite to garnet lherzolite (dashed line) is taken from 
O'Neill (1981). Compositional heterogeneities in the lithospheric mantle (discrete, 
textured areas) are idealise. These regions would have different chemical and 
isotopic compositions, which would reflect variations in the amount of melt 
extracted and the degree of secondary enrichment in incompatible elements. 
Regions in the lithospheric mantle with type II, Al-Fe-Ti-rich material are not 
depicted, but are considered to be distributed throughout the region as discrete 
vein-like bodies. The interaction of a hot mantle plume with the base of the 
lithospheric mantle is from the model presented in McDonough et al (1985). The 
considerable volumes of basaltic cumulate materials in the lower continental crust 
and uppermost lithospheric mantle is based on seismic data (Finlayson et al, 
1979), thermobarometry data (Griffin et al, 1984; O'Reilly and Griffin, 1985; 
Rudnick and Taylor, this volume), and petrological data (Ewart et al, 1980; Kay 
and Kay, 1983; Wass and Hollis, 1983; Rudnick et al, 1986a).
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Table 1. Summary of Studies on Lower Crustal Xenoliths from Eastern Australia
Locality Country Rocks Age of Pipe Xcnolith Lithologies T-P Conditions Reference
SOUTH AUSTRALIA
Calcutteroo Prot Marine 
Sediments
164-175 Ma GG, 2 PxG 
Ky-Gar-Ksp G
600-900°C 
1.1-1.6 GPa
McCulloch et al, 1982 
Arculus et al., 1987
El Alamein ProL Marine 
Sediments
164-175 Ma 2 PxG, 2 PxGG 700-870°C Arculus et al., 1987
VICTORIA
Anakies Cenozoic Quaternary
Basalts,
Palaeozoic Seds.
2 PxG, 2PxGG 880-980°C Wass and Hollis, 1983
NEW SOUTH W ALES
White Cliffs; Precambrian 
Chlorite Schists
260 Ma GG 630°C 
1.4 GPa
Arculus et al., 1987
Kayrunnera Precambrian 
Chlorite Schists
260 Ma GG 850-900°C 
1.8-2.8 GPa
Edwards et al., 1979
Jugiong Basalts <17 Ma 2 PxG, 2 PxGG 850-960°C 
1.6 GPa
Arculus et al., 1987
Delegate Palaeozoic 
Sediments and 
Granites
170 Ma 2 PxG, 2 PxGG 
GG, Cham
850-950°C 
0.6-1.8 GPa
Lovering and White, 1969 
Irving, 1976 
Arculus et al., 1987 
Griffin and O'Reilly, 1986
Gloucester Carboniferous
Sediments
? GG 1000°C 
1.0-1.4 GPa
Wilkinson, 1974 
Griffin and O'Reilly, 1986
Boomi
Creek
Carboniferous
Sediments
? 2 PxG 950°C 
0.8-1.0 GPa
Wilkinson, 1975 
Wilkinson and Taylor, 1980
Walcha Tertiary
Gravels
Tertiary 2 PxGG 1000°C 
1.4 GPa
Stolz, 1984
QUEENSLAND
McBride
Province
Proterozoic
Metamorphics
< 5 Ma 2 PxG, GG 
2 PxGG, Cham 
Metasediments
700-1000°C 
0.8-1.0 GPa
Kay and Kay, 1983 
Rudnick and Taylor, this vol. 
Rudnick et al., 1986b 
Rudnick and Taylor, 1987
Chudleigh
Province
Palaeozoic 
Sediments 
and Granites
< 2 Ma 2 PxG. 2 PxGG 
GG
700-1000°C 
0.6-1.2 GPa
Kay and Kay, 1983 
Rudnick et al., 1986a 
Rudnick and Taylor, this vol.
Where 2 PxG = two pyroxene granulite; 2 PxGG = two pyroxene garnet granulite; GG = garnet granulite, Cham = Chamockite. 
Ky = kyanite; fCsp = K-feldspar, Gar = garnet.
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APPENDIX 11
Geochemical data for rocks from the Kapuskasing Structural Zone,
Ontario, Canada
A-11-2
Table AI 1.1 Major (wt. %)  and trace element (ppm) data for Kapuskasing 
metasediments
3-7-1 8-16-8
Si00 63.0 62.0
Ti02 0.60 0.79
AlnOo 17.5 18.2
FeO* 5.83 5.50
MnO 0.15
MgO 3.72 4.05
CaO 3.59 3.60
Na20 3.27 3.14
K20 2.32 2.51
P205 0.20 0.11
TOTAL 100.1 100.0
V 130
Cr 172
Ni 69
Cu 47
Zn 88
Rb 65 54
Sr 487 449
Y 19.5 26.6
Zr 129 150
Nb 7.5 7.9
Mo 1.7 1.6
Sn 2.7 2.2
Cs 4.9 2.0
Ba 1055 806
La 41.9 16.0
Ce 73.1 32.5
Pr 9.15 3.85
Nd 29.7 15.8
Sm 5.45 3.57
Eu 1.38 1.26
Gd 3.25 4.27
Tb 0.60 0.80
Dy 2.51 5.19
Ho 0.57 1.07
Er 1.66 3.02
Yb 1.60 2.94
Hf 3.6 4.1
Pb 9.3 6.0
Th 6.11 2.69
U 0.73 0.36
K/Rb 296 385
Th/U 8.4 7.5
8-17-11 8-17-12 8-17-13
67.3 68.3 59.7
0.40 0.45 0.68
16.5 15.8 17.4
3.30 4.05 6.87
2.16 2.57 3.94
4.14 2.18 2.78
3.50 3.29 3.36
1.59 2.76 3.17
0.21 0.11 0.20
99.1 99.5 98.1
85 145
142 269
73 79
40 21
86 122
42 89 95
384 452 463
8.3 9.4 12.2
164 189 121
6.6 8.3 12.4
1.2 1.5 2.3
2.0 3.1 3.2
0.8 1.3 3.4
445 793 1271
13.0 59.1 19.1
25.2 113 40.0
3.06 11.5 4.37
12.2 40.8 17.2
2.35 6.20 2.76
0.94 1.39 1.07
1.78 3.38 1.68
0.28 0.50 0.29
1.61 2.68 1.72
0.30 0.46 0.35
0.83 . 1.37 0.92
0.82 1.21 0.89
4.8 3.8 3.3
8.0 12.7 7.6
0.49 22.1 5.58
0.31 0.83 0.32
314 279 245
1.6 27 17
A-11-3
Table AI 1.2 Major (wt. %) and trace elment (ppm) data for Kapuskasing TTG rocks
2-2-1
Tonalite
2-3-1
Tonalite
2-3-1 
Fels. L.
2-3-1 
Mafic L.
8-17-2
Tonalite
8-17-4
Tonalite
8-16-6
Tonalite
SiO? 71.5 69.0 68.0 51.7 59.7 64.4 73.2
Ti02 0.20 0.27 0.26 0.63 0.61 0.44 0.12
a i9cl 15.9 16.6 16.2 14.9 16.5 19.2 15.8
FeO* 2.38 2.95 3.10 10.1 7.0 2.51 1.03
MnO 0.17 0.13
MgO 1.00 1.19 1.41 6.43 3.67 1.18 0.52
CaO 3.06 4.09 4.77 10.9 6.55 5.11 2.34
Na90 4.48 4.42 4.28 3.25 4.40 6.08 4.91
K?0 1.38 1.34 1.54 0.67 1.12 0.67 2.17
p 2o 5 0.17 0.17 0.20 0.34 0.23 0.26 0.13
TOTAL 100.0 100.1 99.8 99.2 100.0 99.8 100.2
Rb 46 37 16 29 7 60
Sr 191 773 546 226 736 370
Y 2.8 6.4 7.2 14.9 22.4 2.8
Zr 51 155 121 100 102 70
Nb 5.1 4.7 2.9 4.3 12.8 2.4
Mo 0.37 0.54 0.30 0.43 0.40
Sn 2.5 2.1 0.9 2.8 3.5 1.4
Cs 3.8 1.2 0.4 2.9 0.9 1.1
Ba 334 680 1128 104 125
La 11.4 15.4 13.6 10.0 14.0 6.9
Ce 21.3 29.8 29.1 23.5 38.5 16.1
Pr 2.27 3.44 3.19 3.00 5.77 1.91
Nd 8.20 12.9 14.0 13.5 29.7 7.3
Sm 1.21 2.25 2.82 3.4 7.0 1.23
Eu 0.45 0.72 0.82 1.07 1.81 0.30
Gd 0.83 1.66 1.57 3.02 5.18 0.71
Tb 0.10 0.25 0.21 0.50 0.72 0.11
Dy 1.36 1.15 3.08 4.09 0.45
Ho 0.09 0.24 0.28 0.59 0.73 0.09
Er 0.22 0.53 0.75 1.60 1.78 0.30
Yb 0.21 0.51 0.67 1.62 1.89 0.43
Hf 2.0 3.8 3.0 2.5 4.7 2.0
W 0.9 0.01
Pb 12.2 4.0 7.2 4.1 5.0 5.3
Th 3.76 1.48 0.73 0.27 2.07 1.36
U 0.59 0.17 0.21 0.30 1.99 0.48
K/Rb 249 301 799 320 794 300
Th/U 6.4 8.7 3.5 0.9 1.0 2.8
A-11-4
Table AI 1.2 Major (wt %) and trace elment (ppm) data for 
Kapuskasing orthogneisses
8-19P 8-19M 8-17-10 8-17-1
Mafic rest Mafic gran. Granodiorite Granite
Si09
Ti02
A190 9
FeO*
MnO
MgO
CaO
Na90
K96
p2o5
TOTAL
Rb
Sr
Y
Zr
Nb
Mo
Sn
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Yb
Hf
Pb
Th
U
K/Rb
Th/U
51.4
1.24
15.5
12.5 
0.33 
3.76
12.6
2.24 
0.21 
0.14
100.0
0.72
353
26.6
87
3.32
1.15
2.3
0.08
136
14.7
29.6
3.38
14.3
3.62
1.48
3.91
0.73
4.93
1.10
3.14
3.12 
2.1
7.5
4.57
2.12
2420
2.15
57.8 
0.72
14.9 
9.43 
0.20
3.88
9.58 
2.71 
0.57 
0.15
99.9
2.65
373
20.4 
67
3.85 
0.47
2.4 
0.14
176
12.7
34.5 
4.19
17.9 
3.98 
1.28
3.30 
0.56
3.88 
0.71
1.86 
1.67 
1.6
9.4
3.59 
0.70
1785
5.13
69.0 
0.55
16.4
2.91
1.92
3.31 
4.27 
1.70 
0.22
100.2
54
885
3.11
260
3.53
0.51
1.8
0.68
2140
44.0
85.8 
7.48
26.2
3.31 
1.07 
1.13 
0.17
0.14
0.31
0.27
4.4
7.4 
4.91 
0.31
261
15.8
73.8 
0.12
14.8 
1.20
0.32
1.11
3.26
5.48
0.17
100.3
196
198
8.4
208
7.37
0.18
3.3
2.80
1050
53.5
104
12.1
41.8 
6.58 
0.64 
3.77 
0.43
0.17
0.34
0.21
6.0
20.4
22.8
1.86
232
12.2
